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Abstract In the past decade, a consensus has emerged regarding the nature of clas-
sical Be stars: They are very rapidly rotating main sequence B stars, which, through
a still unknown, but increasingly constrained process, form an outwardly diffusing
gaseous, dust-free Keplerian disk. In this work, first the definition of Be stars is con-
trasted to similar classes, and common observables obtained for Be stars are intro-
duced and the respective formation mechanisms explained. We then review the cur-
rent state of knowledge concerning the central stars as non-radially pulsating objects
and non-magnetic stars, as far as it concerns large scale, i.e., mostly dipolar, global
fields. Localized, weak magnetic fields remain possible, but are as of yet unproven.
The Be phenomenon, linked with one or more mass ejection processes, acts on top
of a rotation rate of about 75% of critical or above. The properties of the process can
be well constrained, leaving only few options, most importantly, but not exclusively,
non-radial pulsation and small scale magnetic fields. Of these, it is well possible that
all are realized: In different stars, different processes may be acting. Once the mate-
rial has been lifted into Keplerian orbit, memory of the details of the ejection process
is lost, and the material is governed by viscosity. The disks are fairly well understood
in the theoretical framework of the viscous decretion disk model. This is not only
true for the disk structure, but as well for its variability, both cyclic and secular. Be
binaries are reviewed under the aspect of the various types of interactions a com-
panion can have with the circumstellar disk. Finally, extragalactic Be stars, at lower
metallicities, seem more common and more rapidly rotating.
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1 Introduction
Be stars are enigmatic objects. They were discovered almost 150 years ago by Secchi
(1866), and some of them are among the brightest stars in the sky1. A huge body of
work has been compiled since their discovery. However, it is only in the last two to
three decades that both observations and theoretical understanding of Be stars have
leaped forward from taxonomical and toy-model approaches, with a plethora of mu-
tually exclusive views, towards a general consensus on the physical properties present
and processes acting in Be stars. This progress owes much to the availability of large
public databases of high-precision photometry, polarimetry and spectroscopy, includ-
ing data from space missions, and the rise of new observing techniques such as inter-
ferometry. At the same time computational advances have been made, allowing the
much more detailed theoretical models available today to keep pace with observations
and fertilize each other.
Judging from results presented at recent conferences, a qualitative consensus has
emerged, seeing Be stars as very rapidly rotating and non-radially pulsating B stars,
forming a decretion disk2, which more precisely is an outwardly diffusing gaseous
Keplerian disk. This disk if fed by mass ejected from the central star, and its further
fate, after formation, is governed by viscosity. That said, our knowledge of processes
is far from complete, and very important potential amendments, such as binarity or
magnetic fields, are under investigation. Nevertheless, these would be additions to,
rather than replacements of, the current view. While the mass-transfer mechanism be-
tween star and disk is still unclear, it is sufficiently constrained to provide a guide for
further work. Research on Be stars has, finally, become a field in which quantitative
properties are being investigated in detail, rather than qualitative views in general. Be
stars, some decades ago considered to be peculiar and of little relevance to the main
field of hot and massive stars, may turn out to be the best suited, and as well the best
understood laboratories of stellar physics relevant for the upper main sequence.
The most recent summary of the field before this one was given by Porter and
Rivinius (2003). Since that review a number of conferences have been held on which
Be stars were either main topics or featured very prominently; an incomplete list
includes: 2002 in Mmabatho (Balona et al 2003), 2004 in Johnson City, Tennessee
(Ignace and Gayley 2005), 2005 in Sapporo (Sˇtefl et al 2007), 2009 in Vin˜a del Mar
(Rivinius and Cure´ 2010), 2010 in Paris (Neiner et al 2011b), 2011 in Valencia3, and
the same year in Madison, Wisconsin (Hoffman et al 2012) and in Granada (Sua´rez
et al 2013), and 2012 in Foz do Iguac¸u (Carciofi and Rivinius 2012). A review ded-
1 The brightest Be star, α Eri (B3 V), is the ninth of all stars when sorted by V -magnitude. Widely
discrepant values for spectral type and temperature have been published (see SIMBAD database, and
Table 4 of Kaiser 1989), emphasizing the need for further understanding.
2 The word “decretion” is uncommon in the English language, and originally means “a decrease”.
However, it has become a generally accepted expression in the community as rather meaning “the act of
decreasing”, and it is felt that “decretion disk” properly conveys the picture of being the opposite of an
accretion disk, at least in terms of the direction of mass transport (Pringle 1991, 1992).
3 No proceedings published, presentations at http://ipl.uv.es/bexrb2011/
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icated to Be/X-ray binaries was given by Reig (2011), and the IAU Working Group
on Active B Stars4 regularly publishes the “Be Star Newsletter”5 since 1980.
Finally, highly motivated amateur astronomers have begun to contribute to the
field with spectroscopic observations of increasing quality, comparable to that of
small professional instruments. Spectra are made available to the community via the
Be Star Spectra Database (BeSS, Neiner et al 2011a)6.
The Sections of this work are organized as follows:
Sect. 1: The definition of Be stars and their relation to the broader field of astro-
physics are discussed. Where appropriate, topics only touched upon in this Sec-
tion will be discussed in detail further down.
Sect. 2: Basics on common observables most relevant to Be stars and the formation
mechanisms giving rise to them are introduced.
Sect. 3: Discusses the central stars, concentrating on the rotational and pulsational
properties, as well as on the magnetic field hypothesis and observations.
Sect. 4: This section deals with the actual Be phenomenon, a formulation used to
summarize potential mechanisms to eject the stellar matter to form the disk. First
the potential agents that might be acting to eject mass and angular momentum,
then the repercussions of the process on the circumstellar environment are re-
viewed.
Sect. 5: Summarizes the state of knowledge concerning the circumstellar disk. Disk
geometry and kinematics are reviewed, then the variability. In the last subsection,
the current theoretical views on Be star disks are given.
Sect. 6: Here, Be stars are considered as interacting binaries, first tidal effects are
discussed, then Be stars with compact companions producing X- and γ-rays, and
finally Be stars with hot subdwarf companions that have a radiative effect on the
disk.
Sect. 7: Be stars are looked at as a class of stars beyond the Milky Way, as statistical
samples, with special emphasis on various metallicity environments, and their
potential relation to the distant universe.
Sect. 8: A summary and conclusions are presented, together with some outlook.
1.1 Definition
In 1866, Father A. Secchi reported7 an observation of γ Cas (B0.5 IV), which at
the position of Hβ showed “une particularite´ curieuse ... une ligne lumineuse tre`s-
belle et bien plus brillante que tout le reste du spectre.” This was to become known
as the first observation of a Be star. From a purely taxonomical point of view, the
class of Be stars was then formed of all stars showing a B-type spectrum in com-
bination with Balmer line emission. The variety of the class was clear early on, but
still stars with P Cygni profiles and other stars were typically treated together (as for
4 http://activebstars.iag.usp.br/, formerly “Be star Working Group”.
5 ISSN 0296-3140
6 http://basebe.obspm.fr/
7 In the heyday of nationalism, this was communicated in French language to a German Journal by an
Italian astronomer, working at the international organization of the time, the Vatican.
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instance by Curtiss 1926). Only Struve (1931) omitted stars with P Cygni profiles,
and attributed the spectra of stars like β Lyr (B8 ) to binarity. The remaining main
sequence objects8 he suggested to be rotationally unstable stars, namely to be “lens
shaped bodies, which eject matter at the equator, thus forming a nebulous ring which
revolves around the star and gives rise to emission lines.” This also brought the uni-
fication of shell stars with Be stars. Shell stars are stars in which the Balmer lines
have sharp absorption cores, much sharper than expected from the width of normal
photospheric lines. They may or may not have double peaked emission on both sides
of the absorption core. In Struve’s picture, shell stars are just Be stars seen edge-on,
i.e., through the disk, which gives rise to the narrow absorption lines. Fig. 1 gives
a schematic view of this idea. Struve’s view was quite generally accepted, but came
under criticism in the 70’s and 80’s, when a number of opposing models were sug-
gested. A final breakthrough in favor of the geometric shape advocated by Struve was
achieved only by interferometric observations (Quirrenbach et al 1994). For a more
detailed overview of the history of the field and ideas about Be stars, we refer to the
monograph by Underhill and Doazan (1982), the reviews by Slettebak (1988) and
Porter and Rivinius (2003), and the references therein.
The still widely used classical definition of Be stars was first suggested by Jaschek
et al (1981), and with the minor change of replacing the original “hydrogen lines”
with “Balmer lines”9, popularized by Collins (1987):
A non-supergiant B star whose spectrum has, or had at some time, one or
more Balmer lines in emission.
The problem with this definition lies in its broadness. As it has to be applied to classi-
fication quality data, no better one has been formulated yet. There is some ambiguity
in this definition, since it basically includes all main sequence B-type stars with cir-
cumstellar material above densities of about 10−13 gcm−3. This is regardless of the
physical mechanism by which this material was transported into, and is eventually
kept in, the circumstellar environment: it is actually unavoidable that circumstellar
gas at and above such density will form Balmer line emission around a B-type star.
1.1.1 Taxonomically Similar Objects
It is quite common for a B star to have circumstellar emission. According to the orig-
inal definition above, all luminosity class V–III objects with emission would qualify
as Be stars, even if they are physically different. However, there are distinctions that
can be used to distinguish the objects commonly termed classical Be stars from those
emission line objects of other provenance, even if these, laid out below, are not easily
applied for the purpose of bulk classification.
Supergiants: Particular for early B stars with high vsin i one sometimes finds mis-
classifications of evolved objects as main sequence stars. For instance, HD 64760 and
8 Main sequence understood here in terms of the upper main sequence, where it comprises of the lumi-
nosity classes V to III.
9 Infrared hydrogen lines can have purely photospheric emission in early main sequence B stars due to
NLTE effects, see, e.g., Zaal et al (1999).
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Fig. 1 Schematic view of a Be star at critical rotation and with a flared disk. The lower part shows example
spectral profiles from pole-on to shell Be stars
κ Aql have virtually identical spectra both in the visual and UV-region10, including
weak Hα emission, yet the former is classified B0.5 Ib, the latter B0.5 III. Their weak
emission does not come from a disk, even if it is found on both sides of the line,
similarly to Be stars, but rather originates in an angular momentum conserving stellar
wind type outflow (see, e.g., Kaufer et al 2006 for HD 64760 and Puls et al 2008
for a general review of hot star winds, and the typically much stronger winds of
supergiants).
Herbig Stars: Among the B stars with emission lines situated closer to the main
sequence in the Hertzsprung-Russell-Diagram, Herbig Ae/Be stars are easiest to con-
fuse with classical Be stars. These are young stellar objects in the final stages of
accretion, generally with fossil gaseous disks (Waters and Waelkens 1998). The more
active earlier types are quite distinct in emission morphology and variability, often
showing P Cygni and inverse P Cygni profiles, making it easy to tell them apart (Ale-
cian 2011). More quiet objects, however, can be (and have been) mistaken for clas-
sical Be stars, like 51 Oph (B9.5 V), which was counted as a classical Be star until a
strong infrared excess due to dust was discovered (Waters et al 1988). Such an excess
has never been seen in a classical Be star, so that infrared or mm observations well
distinguish the two classes.
10 Spectra are available from the ESO (http://archive.eso.org/) and IUE (http://archive.
stsci.edu/iue/) archives.
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Mass Transferring Binaries: Several types of systems with B-type primary compo-
nents11 are known. Obvious cases include Algol and W UMa type variables, i.e.,
eclipsing contact or semi-detached systems in which the secondary fills the Roche
lobe and the accretion onto the primary gives rise to the line emission. The systems
of β Lyr and a few similar stars are more complex, nevertheless the circumstellar
emission comes from material being transferred from one star to another (or ejected
out of the system). None of them was ever considered to be a classical Be star in
Struve’s sense, but the mechanism of Roche lobe overflow has been proposed to be
responsible for Be stars in general (Krˇı´zˇ and Harmanec 1975). As the quality of radial
velocity measurements from spectroscopic data increased (Baade 1992), companions
were indeed found, but these were not filling their Roche lobes (see, e.g., references
in Harmanec et al 2002a), although some have been in the past and underwent spin-
up (see, e.g., de Mink et al 2013, for the physics involved). No classical Be star has
yet been found to have a Roche lobe filling companion, and given Sects. 3 to 5, any
such star would have to be discussed in a different framework of physics.
B[e] Stars: This is an inhomogeneous group of B stars showing Balmer line emis-
sion plus forbidden emission lines (Lamers et al 1998). The latter are not observed in
classical Be stars. Four of five subgroups are supergiant stars, young stellar objects,
symbiotic binaries, and compact planetary nebulae, partly discussed above. The na-
ture of the fifth group, sometimes dubbed “unclassified B[e]” type stars, is not quite
clear as of now, but in any case the forbidden lines and the dust-type infrared excess
make them quite distinct from the classical Be stars, i.e., this is clearly a different
population with likely a different mechanism responsible for the filling of the cir-
cumstellar environment (which may nevertheless be disk-shaped).
Star with Emission Line Magnetospheres: Magnetic B stars do not typically show
line emission, but depending on the field strength, wind, mass-loss and rotation, they
can have Balmer line emission forming in the magnetosphere (Petit et al 2013). Not
long ago, this was a class of objects where only a single member had been well
investigated, namely σ Ori E (B2 V, Landstreet and Borra 1978). Meanwhile several
other stars have been found and analyzed, including the rapid rotators HR 7355 and
HR 5907, both B2 V (Rivinius et al 2010; Grunhut et al 2012). They have in common
that the circumstellar environment shows variability with strictly the same period as
the photosphere, namely the rotational one, and little to no secular variation, which
clearly distinguishes them from classical Be stars.
1.1.2 Oe and A–F Shell Stars
Another important question is whether the border drawn by restricting Be stars to
B-type stars reflects any physical reality or is artificially created by the classification
scheme. Oe stars are classified equivalently to Be stars as being of luminosity class
V to III and have a morphologically similar emission spectrum. Most are of late
O subtype, i.e., close to the B star range (Conti and Leep 1974; Negueruela et al
11 We use “primary” to designate the star that dominates the photospheric spectrum in the visible range.
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2004) and have been assumed to be a blueward extension of the Be class. However,
spectropolarimetric observations by Vink et al (2009) and the original experience of
Be stars as a fairly inhomogeneous class suggest caution in ascribing such a nature to
all of them, in particular for the earlier subtypes.
The situation is similar with A and F-type shells stars (Slettebak 1986; Waters et al
1988). Some of them, mostly those of earlier subtype, show weak Hα emission as
well, but due to the weakness of the ionizing radiation this vanishes quickly towards
later types. From the spectral appearance, it is quite conceivable to ascribe those
shell lines to disks, and thus regard them as the late-type extension of Be stars. As the
example of 51 Oph has shown, however, there is quite some probability that at least
part of these objects would rather be β Pictoris like objects, i.e., a subtype of Herbig
stars in which the disk is primordial with a dust-component and not, like in classical
Be stars, only formed during the main sequence lifetime.
This suggests that, although Be-like objects exist outside the spectral class B, re-
stricting the analysis to actual B-type stars will likely not restrict their understanding,
but on the contrary may avoid problems by excluding doubtful cases. Hence “classi-
cal Be stars” as discussed in this review are those objects that remain if all the above
cases are discounted from the population of B stars with emission lines at large.
Other definitions, based on derived physical properties, have been proposed (e.g.,
by Martayan et al 2011), but lack applicability for taxonomical purpose, unless each
individual star could be thoroughly analyzed. Properties such as rapid rotation or
the presence of a viscous decretion disk should therefore not be used for definition
purposes. However, as will be seen, such properties are indeed corollaries to the def-
inition of a “classical Be star”.
1.1.3 Dynamic Behavior and Variability
The most striking observational property of Be stars is their variability on basically
all time scales longwards of a few minutes, offering insight to a great number of
astrophysical phenomena and their interplay.
Already the emission itself in Be stars is transient. The definitions by Jaschek et al
and Collins explicitly include this. Emission can come and go over the time scale of
several decades. When present, it can reach some tens of A˚ngstro¨ms in Hα equivalent
width (EW), swaying between higher and lower values, and then decay over several
years to a normal B-type photospheric absorption spectrum. These changes can be
observed photometrically and gave rise to the γ Cas class of variable stars defined in,
e.g., the General Catalogue of Variable Stars as eruptive variables.
Variability in the emission line profile is also quite common. An example is the
“violet-to-red cycles” (V/R variations), in which the two peaks of the emission lines
vary in height against each other. Cycle lengths range from weeks to decades, but
while the shorter ones are usually binarity driven, the longer ones are due to a more
or less stable one-armed density wave pattern in the disk (Sect. 5.3). In general, vari-
ations on intermediate time scales either reside in the disk or are due to binarity.
Phenomena in the close circumstellar environment or on the stellar surface cause
variability on time scales of a few days. Not only are the stellar rotational and typical
pulsation periods very similar (Sects. 3.1 and 3.2), but as well the Keplerian orbital
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period close to the star (e.g seen for localized mass ejections) falls in that range, as
do the viscous transport times through the inner disk (Sect. 5.3), taking a few days to
weeks at most. While most photospheric variations are pulsational, the circumstellar
environment contributes with cyclic phenomena, e.g., from non-circularized material
in orbit, and with more secular variations in which the orbiting material is distributed
radially. Stars in which such short term periodic processes dominate the photometric
variations are termed “λ Eri variables”.
Time scales shorter than about half a day are often due to β -Cephei type pulsa-
tional modes when periodic, in particular in earlier type Be stars, but in later type
stars it is more common that the associated phenomena are transient. Examples have
been observed in X-ray and characterized as “shot”-type activity, and in the visual
wavelength region as “dimples” in line profiles (Sect. 3.3 and 4).
1.2 Astrophysical Context
Be stars show a unique combination of properties at a very nearby distance and at
convenient brightness, and are therefore well accessible to detailed study. What is
learned from Be stars in terms of fundamental astrophysical processes can then be
applied to more distant or less accessible objects.
1.2.1 Stellar Rotation
Be stars, and possibly their non-emission line equivalents, the Bn stars, are the most
rapidly rotating classes of non-degenerate stars, certainly so in terms of vsin i, and
possibly in terms of fractional critical rotation, where the championship might have
to be shared with S Dor variables (also known as Luminous Blue Variables, or LBVs),
which are proposed to be rapid rotators as well (Groh et al 2009).
This makes them excellent objects to study the effects of rapid rotation and test the
respective theories at their extreme. Concerning the stellar wind, for instance, it was
discussed whether fast rotation should enhance the wind density at polar or equatorial
latitudes, which has important repercussions on, e.g., the mass-loss of S Dor variables
(Puls et al 2008). The pulsational properties of rapidly rotating stars differ from the
non-rotating cases, opening a window into the interior structure under the effect of
rotation (Reese et al 2009; Lee 2012; Reese et al 2013).
Finally, Be stars rotate sufficiently fast to investigate the validity of traditional
approximations, such as the Roche-approximation for the stellar stability or the grav-
ity darkening for the latitude-dependent temperature and flux distribution of rapidly
rotating stars (Sect. 2.3.1).
1.2.2 Evolutionary Context
How do Be stars connect to the pre- and post-main evolution of the stars within
the B star mass range? Be stars exist already at the zero-age main sequence, even
though they are less common than in later stages (Sect. 7.1). Their rapid rotation
poses constraints on the ubiquity of angular momentum loss mechanisms. Rotational
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mixing alters the chemical enrichment pattern of core and surface, consequentially
the evolutionary paths throughout the main sequence differ from non-rotating stars
(Maeder and Meynet 2010, and references therein). In turn also the evolution of the
surface angular momentum across the main sequence life-time poses constraints on
internal processes. Having left the main sequence, the earliest B stars are counted
among the “massive stars”, i.e., they have masses above 8 M and will evolve into
core-collapse supernovae. It has been suggested that their rapid rotation has some
connection to long gamma ray bursts (see, e.g., Woosley and Bloom 2006; Martayan
et al 2010b; Maeder and Meynet 2012). It is also important to recognize that Be stars
are not rare objects, they are a large subgroup of B stars (about 15-20% in the local
environment, see 7.2.2), and at low and extremely low metallicity, such as Population
III stars, they might even be the overwhelming majority of B stars (Sects. 7.2 and
7.3).
1.2.3 Disk Physics
In several astrophysical systems the interface regions between a comparatively com-
pact object and its more extended environment are often marked by a gaseous disk.
Although the evolutionary contexts and absolute dimensions differ widely, e.g., from
proto-planetary disks and protostars to active galactic nuclei, the elementary physical
processes of gravity, radiative transfer, and radiative pressure have much in common
(Woosley 1993; Balbus and Hawley 1998; Hartmann et al 1998; Lubow et al 1999;
Nelson et al 2000; King et al 2007, just to name a few works on disks in various
contexts). In particular, Be disks share exactly the same physics with the well-studied
accretion disks around protostars but are called instead “decretion disks” in refer-
ence to the fact that in Be disks mass is usually flowing away from the star whereas
in protostars disk matter flows towards it. The existence of global waves has been
evoked to explain cyclic asymmetries in emission line profiles (Sect. 5.3). A detailed
understanding of these phenomena will have applicability in other systems, such as
planetary rings, proto-planetary systems, close binary stars and galactic nuclei. In
particular, these phenomena may play an important role in planet formation. Be disks
in binary systems (Sect. 6) are subject to important and complex processes, namely,
precession, warping, tidal deformation and truncation. Be-X ray binaries (Sect. 6.2),
in addition, offer the possibility to study the interaction between the relativistic wind
of the compact object and the disk. Finally, viscosity is a key process governing the
fate of these disks (Sect. 5.2 and 5.3). Since viscous transport of both matter and
angular momentum occurs in relatively small volumes (and, therefore, in short time
scales), temporal studies of viscosity-related variability offer the opportunity to mea-
sure the kinematic viscosity of the material, which in turn will serve as a constraint
to any theory of viscosity.
2 Be Star Observables
This section discusses the quantities observed in Be stars in terms of the mechanisms
contributing to their values and, for some of them, the observing/analysis techniques
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Fig. 2 The formation loci of continuum emission for various wavelength bands and V -band polarized flux
PV , expressed in accumulated disk contribution as function of increasing radius for two different densities.
The stellar flux F? was subtracted so that each curve starts at zero. The dotted limit marks 80% of the total
flux, which corresponds to the integrated flux inside the FWHM for a Gaussian shaped emission profile.
Data were computed with HDUST for the reference model of Faes et al (2013), for a disk seen at i = 30◦
used. The examples presented below, concerning the disk, were computed for a refer-
ence model based on the one introduced by Faes et al (2013, their Table 1). Keeping
all other parameters equal, we increased the disk radius to 100 R?, and present results
for two base densities (10−11 gcm−3 and 10−10 gcm−3) and a number of different
inclinations. Computations were done with the HDUST code (Carciofi and Bjorkman
2006), based on the viscous decretion disk model. See Sect. 5.4 for the details and
observational support of this model.
2.1 Flux in the Continuum
The observed spectral energy distribution (SED) of a Be star results from an inter-
play of photospheric emission, disk emission of reprocessed radiation and disk ab-
sorption. Thomson scattering by free electrons can also change the SED. The relative
importance of these processes varies greatly with wavelength and viewing angle. For
instance, the ultraviolet, which can be highly depleted for edge-on stars, will be en-
hanced in pole-on stars owing to light scattered off the disk. The photospheric flux
is more naturally discussed together with the photospheric lines, for which we re-
fer to Sect. 2.3.1, and restrict this section to the influence of the disk, treating the
photospheric flux as a given source of photons.
The role of the disk is best understood in terms of a pseudo-photosphere, which
is a region of the disk that is radially opaque to radiation of the continuum. The
dimension of the pseudo-photosphere is wavelength dependent. For an isothermal,
viscous Keplerian disk (see Sect. 5), seen pole-on, the size of the pseudo photosphere
grows with wavelength approximately as (Carciofi and Bjorkman 2006)
Reffλ = Rλ
0.41 , (1)
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where R depends on the disk temperature, density and geometry. For a given disk, i.e.
a given value of R, there is a wavelength shortwards of which there will be no pseudo-
photosphere (Reffλ ≤ R?). In this case, the disk emits as a diffuse, optically thin gas. If
a pseudo-photosphere exists emission can conceptually be seen as a combination of
optically thick inner (r < Reffλ ) and thin outer (r > R
eff
λ ) contributions. The effect will
depend on the disk viewing angle
– Pole-on. Since the disk is colder than the photosphere (Sect. 5) the SED will
be simply the superposition of the stellar continuum with a redder disk (excess)
continuum. The relative weight of stellar vs. disk emission depends on the size
of the pseudo-photosphere: At visual wavelengths the excess hardly reaches half
a magnitude, but may dominate the total flux in the near-infrared, and certainly
does so from the mid-infrared onwards (see Haubois et al 2012; Sigut and Patel
2013, and references therein).
– Edge-on. Here the disk may absorb and scatter part of the stellar flux. If the
pseudo-photosphere is small, this will result in a net dimming of the system, such
as observed in shell stars. If the pseudo-photosphere is large, however, the large
emitting area will counterbalance the decrease in photospheric flux, causing a net
brightening. For instance in ζ Tau (B2 IV), a shell star, this causes a dimming
bluewards of ≈ 1.4 µm and a brightening longwards (see Fig. 14e).
Fig. 2 illustrates the formation region of the continuum disk emission for several
bands and two disk densities. What is plotted is the integrated flux as a function of
radial distance from the star, normalized to the total flux for a disk with a radius of
100 R?. This shows that different bands have different formation loci. For instance,
80% of the V -band flux comes from inside 1.8–2.5 R?, depending on the disk density,
while the same fraction, at 60 µm, originates from a much larger volume (inside 5–
15 R?). In the dense case, all bands shown have a pseudo-photosphere, from ∼ 2 R?
in V to about 11 R? at 60 µm. In the low-density case the clustering of the curves for
V , H and K bands indicates that a significant pseudo-photosphere starts only between
the K band and 11 µm.
2.2 Polarization of the Continuum
After the realization in the 1960’s and 1970’s that the non-zero intrinsic polarization
of some stars originated in their circumstellar envelopes, polarimetry became a stan-
dard tool to study these systems. For Be stars, in particular, polarimetry provided key
insights as to the nature of their disks. When light from the central star is scattered by
free electrons in the ionized disk, it becomes polarized perpendicular to the scattering
plane, formed by incident and scattered direction, resulting in a non-zero polarization
for an asymmetric scattering region. For a geometrically thin disk, the polarization
direction, measured as its position angle, will be perpendicular to the disk plane (see
Sect. 5.1.4)12.
12 A strongly distorted and thermally inhomogeneous star, i.e. a rapidly rotating one will show intrinsic
polarization, too. However, the effect is completely negligible compared to the one caused by the disk.
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Fig. 3 Polarized spectrum P and radial optical depth contributions along the midplane of a Be disk. The
total optical depth τtot is the sum of the optical depth for each continuum opacity source (free-free τff,
bound-free τbf, and Thomson scattering τe). Left: Low-density case (ρ0 = 5×10−12 gcm−3). Right: High-
density case (ρ0 = 10−10 gcm−3). Data were computed with HDUST for the reference model of Faes et al
(2013), for a disk seen at i = 70◦
Brown and McLean (1977) derived an analytical approximation for the optically
thin transfer of polarized light in electron envelopes with axial symmetry. Optically
thin is a key approximation to avoid having to deal with multiple scattering. Brown
and McLean found that the net polarization depends on three envelope parameters:
an average electron optical depth, τ¯ , a shape factor, γ , describing the degree of asym-
metry, and the inclination between the axis of symmetry and the line of sight, as
P = τ¯(1−3γ)sin2 i . (2)
This approximation produces an increase from zero to maximum polarization with
the inclination i in the form of sin2 i. On the one hand, the inclusion of an absorptive
opacity significantly reduces the polarization (e.g., Fox 1991). On the other hand,
multiple scattering (i.e., a diffuse radiation field, e.g., Wood et al 1996b) was found
to be able to increase the polarization. Then, the simple relation P ∝ sin2 i no longer
holds: light scattered parallel to the disk can be absorbed or scattered again, which
reduces the polarization, and the maximum P is reached for i ≈ 70–80◦ (Wood et al
1996b; Halonen and Jones 2013). Neither does the polarization level grow linearly
with density, as multiple scattering and attenuation set an upper limit. Observations
and models agree that the maximum polarization of Be disks is about 2%. In Fig. 2 the
region whence the V -band polarized flux originates is shown for two disk densities.
A typical example of the continuum polarization of a Be star is shown in Fig. 14f.
The Paschen and Brackett continua are nearly linear with a negative slope, with abrupt
changes at the H I ionization thresholds. The Balmer continuum (e.g., Bjorkman et al
1991) is much more complex due to metal line opacities. Several processes such as
multiple scattering, disk absorption and emission, occultation by the central star, etc.,
as well as the details of the geometry of the disk and the physical state of the gas, all
concur to define the shape of the polarized continuum.
Fig. 3 shows theoretical polarized spectra of Be disks, together with the optical
depth for the three main continuum opacities, namely, electron scattering, H I pho-
toionization, and bremsstrahlung (free-free). The low density model (panel a) illus-
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trates the optically thin case. The polarization is small (≈ 0.4%) and the main opacity
source is electron scattering, so the polarized continuum is nearly “grey”. As density
increases (panel b), the electron optical depth increases ∝ ρ , but H I and free-free
opacities are approximately proportional to ρ2 (e.g., Bjorkman and Bjorkman 1994).
Since the pre-scattering absorption of starlight reduces the polarized flux, the polar-
ized continuum becomes inversely correlated to the H I opacity.
In the visual regime the H I opacity always dominates over the free-free opacity.
In the near infrared this relation reverts, the disk opacity becomes entirely free-free
dominated, and, thus, the polarization levels will be rather small.
2.3 Spectral Lines
Most of the current knowledge about Be stars was derived spectroscopically. The
spectral lines intrinsic to Be stars can come from three regions: the star itself, the
actual disk, and the circumstellar environment above the disk up the to polar regions.
2.3.1 Photospheric Lines
The appearance of the photospheric lines is governed by the rapid rotation not only
through rotational broadening. In addition, the near-critical rotation alters the photo-
spheric properties of the star itself.
As misunderstandings may arise from the various definitions used when dis-
cussing critical rotation, it is important to clarify them: A star rotates critically, when
the rotational velocity at the equator, vrot, equals the Keplerian circular orbital ve-
locity13 at the equator, vorb. In the case of a critically rotating star, because of the
increasing equatorial radius Req, while Rpole remains roughly the same (see below),
the actual orbital velocity at the equator is increased towards the critical one, but re-
mains under that limit until criticality is reached. For a non-critically rotating star
one has, therefore, to distinguish between vcrit and vorb. Associated with the linear
velocity vcrit is the angular velocity Ωcrit.
Rotational velocities can be expressed in angular and linear velocities. Thus, for
a given stellar mass M?, one can define four quantities:
vcrit =
√
2
3
GM?
Rpole
and Ωcrit =
√
8
27
GM?
R3pole
(3)
and
vorb(Req) =
√
GM?
Req
and Ωorb(Req) =
√
GM?
R3eq
. (4)
The 2/3 factor above comes from the oblateness of Req = 2/3Rpole for critical solid
body rotation (see chapter 2 of Maeder 2009, for the derivation of this factor). The
13 Often just “Keplerian orbit” is said, but we note non-circular Keplerian orbits are common in Be star
disks as well, see Sect. 5.3.
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Fig. 4 Left: Conversions of ϒ , ω , and W as functions of ω and ϒ . The dotted line marks the identity
relation. Right: Req as function ofω ,ϒ and W . Figure based on Owocki, priv. comm, see text for definitions
first two equations are traditionally used for rotational statistics, and are only mean-
ingful in the Roche approximation14.
The latter two are independent of the rotation type (solid or differential), and
are more useful to set the scale of disk rotation. The use of both angular and linear
velocities then gives several possible definitions of the critical fraction for the purpose
of rotation statistics
ω =
Ωrot
Ωcrit
and ϒ =
vrot
vcrit
. (5)
There is no convention how to designate the critical fraction in linear velocities; apart
from ϒ other symbols are used as well, including ω and W . A third definition, un-
fortunately so far not very widespread in Be star publications, is the physically most
meaningful
W =
vrot
vorb
, (6)
as it defines what velocity boost is required for a given star to launch material into
the closest possible orbit, i.e., just above the photosphere at the equator.
Based on the relations for oblateness given by Collins and Harrington (1966), one
can derive conversions betweenϒ , ω , W and their relation to Req, keeping Rpole fixed
(Owocki, priv. comm.)
ϒ (ω) = 2cos
(
pi+ arccos(ω)
3
)
, (7)
and
ω(ϒ ) = cos
(
3
[
arccos
(
ϒ
2
)
−pi
])
. (8)
These relations are illustrated in Fig. 4a. The equatorial radius as a function of ϒ or
ω (see Fig. 4b) then is
Req(ϒ ) =
3
2
ϒ
ω(ϒ )
Rpole or Req(ω) =
3
2
ϒ (ω)
ω
Rpole . (9)
14 Named in honor of E. A. Roche (1820–1883) for his work on equipotential surfaces
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Using Eqs. (3), (4) and (9)
vcrit
vorb
=
√
2
3
Req
Rpole
=
√
ϒ
ω
, (10)
so that one can expand
W =
vrot
vorb
=
vrotvcrit
vcritvorb
=
√
ϒ 3
ω
. (11)
The functions W (ϒ ) and W (ω) are shown in Fig. 4a. We note that this expression
for W still relies on the Roche approximation, which, however, is far more robust
for values below unity than at the critical limit: Towards the critical limit the Roche
approximation is not observationally tested, and deviations may occur for a non-
rigidly rotation pattern (e.g., Jackson et al 2004). We refer to Chapter 4 of Cranmer
(1996), Meynet et al (2010), and van Belle (2012) for a more thorough discussion of
the relation of these quantities. Above, a fixed Rpole was assumed. It should be noted
that Rpole actually shrinks with Ωrot, but only by about 1.5% between no rotation and
the critical value in the Be star mass range (see Fig. 2 of Ekstro¨m et al 2008).
Since, as pointed out, W is the physically most meaningful quantity for the dis-
cussion of Be stars, and has also come to be used in the context of magnetospheres
(Petit et al 2013), we would like to discourage the further use of ω orϒ , in particular
since the conversion using Eqs. (7), (8), and (11) is fairly trivial. This will be done
for the remainder of this work.
A slightly different definition for the critical fraction is sometimes found in aster-
oseismology
ωseism =Ωrot
(
GM?
R3?
)−1/2
, (12)
where for R? the mean radius of the rotationally deformed star is used. Since this is
smaller than the actual equatorial radius, critical rotation occurs around ω ≈ 0.75 in
this notation.
In 1924, von Zeipel noted that in a rotating star in radiative equilibrium the local
flux is proportional to the local surface gravity and remarked that “the effective tem-
perature has its maximum at the poles and its minimum at the equator”15. This effect
has become known as gravity darkening, and is nowadays well known in the form of
Teff ∝ g
1/4
eff (Collins 1963). The exponent 1/4 can be generalized to a parameter, often
called von Zeipel’s β (see left panel of Fig. 5 for the consequences of this effect on
vsin i determination).
Figure 6 illustrates the effect of gravity darkening and rotational distortion on the
stellar surface for two values of W = 0.62 (upper row) and 0.90 (lower two rows).
The total flux emitted by a surface element is ∝ Teff4 (panels 6a and 6e), but the
chromatic flux is strongly wavelength dependent. The effect is much more severe for
15 Often called the von Zeipel theorem, this is actually only a facet; in its complete form the theorem is
about the unattainability of radiative equilibrium in a rotating body of gas.
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Fig. 5 The gravity darkening effects of rapid rotation on the photospheric appearance of a B star. Left:
As W (for the relation to ϒ see the text or Fig. 4) approaches unity, the observable line width becomes
degenerate. Shown are four values of inclination, labeled with their sin i. Right: The increasingly different
appearance of rapidly rotating B stars from the non-rotating case in the photometric Hertzsprung-Russell
diagram, for W = [0.00,0.20,0.41,0.64,0.93] and three different inclinations 0◦ (blue), 45◦ (black) and
90◦ (red). Note the points for W = 0.00 and 0.20 fall almost onto each other, significant differences start
only at about W ≈ 0.4. Figures adapted from Townsend et al (2004)
UV or visual wavelengths than in the infrared (panels 6b to 6d and 6f to 6h). Apart
from this, also different transitions will be affected differently.
For lines like Si III and He I in an early type B star, for instance, the polar regions
will contribute much more strongly to the total equivalent width of the line than
the equatorial region. In turn, Si II and Fe II lines will be formed more equatorially
(panels 6i to 6l).
Gravity darkening has been interferometrically observed in a number of stars. In
some objects the results are compatible with β = 0.25, in others, however, a lower β
was found (e.g. β = 0.20 was assumed for α Eri by Domiciano de Souza et al 2012a;
see also van Belle 2012, for a review). The value of β = 0.25 relies on a radiative
atmosphere in rigid rotation, while in a convective atmosphere the exponent is lower
(around β ≈ 0.08 according to Lucy 1967). In particular for later type Be stars the
equator may become cool enough to be convective at high W . An alternative to a
fixed β , better reproducing the observed distribution of values, has been proposed by
Espinosa Lara and Rieutord (2011), where β itself becomes a function of W . This
also moves the problem of the equatorial temperature becoming very small, and even
zero for critical rotation (when geff becomes zero), to a much higher value of W .
Due to gravity darkening, the spectrum of a rapidly rotating star cannot any longer
be characterized like that of a non-rotating star, by only two parameters (typically
chosen to be Teff and logg). In turn, it requires four physical parameters (for instance
Teff,pole, Rpole, M?, and W ) and a fifth, the inclination i, to determine the appearance
of a rapid rotator to an observer (see right panel of Fig. 5 for the effect if i).
The other important process affecting the photospheric line profiles is pulsation.
For a discussion of stellar pulsation physics, however, we refer to more general works
in that field, such as Aerts et al (2010) or Saio (2013).
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Fig. 6 Appearance of a gravity darkened star. Upper row: Surface appearance of a star rotating at W =
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α Eri, but seen at i = 60◦ for illustration (Domiciano de Souza et al 2012a, for details, note in particular
that β = 0.20)
2.3.2 Disk Emission and Absorption
The typical emission line appearance of Be stars is shown in the lower part of Fig. 1.
The two important cases are the optically thick and optically thin limits. The hydro-
gen lines are optically thick and the dominant formation process is recombination,
while many metal lines are optically thin, in particular if they arise from NLTE ef-
fects, such as optical pumping. While hydrogen lines form in a large part of the disk,
from the kinematic properties of the line emission (mainly the full width at the base
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of the emission) one can tell that helium emission forms very close to the star only,
as do doubly ionized metals, while singly ionized metal emission forms relatively far
from the star.
Figure 7 shows the regions where line emission originates for Brγ , as a function
of projected radial velocity across an optically thick emission line. At zero radial
velocity the emission formation region “flips” over the star from the approaching to
the receding side of the disk (Fig. 7a). The central depression in the profile is thus
caused already by the smaller emitting area at low velocities, and closer to edge-
on viewing self-absorption becomes important. The separation of the two emission
peaks correlates with the vsin i of the star and with the size of the emission region
(Hanuschik 1996), but one has to be aware that optical thickness effects, particularly
for Hα , affect the correlation parameters (Hummel 1994).
At polar and equatorial inclinations additional effects are seen. For optically thick
lines, non-coherent scattering broadening shifts the peaks at polar inclinations and
creates a “wine bottle” profile (Hummel 1994), as seen in Hα and Hβ of row A of
Fig. 1. At equator-on inclinations, the disk is not only self-absorbing, but veils the
star, and narrow and deep absorption lines are formed (row D of Fig. 1). Since the
disk is cooler than the star, these are typically lines of hydrogen and singly ionized
metals, but in early type Be stars He I can show shell characteristics as well. Because
of the detailed characteristics of the “flipping over” of the formation region across
the stellar disk, a “central quasi emission” (dubbed QEM or CQE in the literature)
can arise in shell lines (Hanuschik 1995; Rivinius et al 1999; Faes et al 2013). The
usual observables for emission lines include the equivalent width (EW), the peak
height above the continuum in units of the continuum (E/C), the full width at half
maximum and radial velocity, as well as the height ratio of the two peaks (V/R).
Violet-to-Red Variations: The double-peak emission structure is not always symmet-
rical. In this case the ratio between the two peaks, V/R, usually varies cyclically.
Historically not always the same definition of V/R has been used (e.g., whether the
continuum flux should be subtracted, before taking the ratio or not) and, even worse,
the definition was sometimes omitted, making a quantitative comparison with more
recent data impossible. For new publications, we recommend not only the definition
should be clarified, but best the peak heights V and R should be given separately.
2.3.3 Wind Emission and Absorption
The regions above and below the disk, i.e., viewed at polar latitudes, are more or less
equivalent to those surrounding a normal B-type star (see Sect. 5.1.5). The governing
processes in this part of a Be star wind are the same as in any radiatively driven
stellar wind. At more equatorial latitudes, winds are found at later spectral types
than in B stars. This might be due to disk itself, producing shell lines also in the
UV, or a possible transition between disk and wind, where disk material might be
entrained by the wind. At the densities encountered, the only observable ones are
usually ultraviolet resonance lines observed as P Cygni profiles and accessible from
space only, most typically C IV and Si IV. From these, wind expansion kinematics
and column densities can be derived. The mere presence of these ions in a B-type
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Fig. 7 Upper row: The formation regions of an emission line (here Brγ) as a function of Doppler velocity
(see, e.g., Stee et al 1995; Kraus et al 2012, for similar figures). The brightness contrast between star
and faintest parts shown is 105. Gravity darkening is not very pronounced at this wavelength (see Fig. 6),
and as well the equator is “back-illuminated” by the disk in this model. Middle row: The resulting spectral
profile and the interferometric squared visibility and phase for a baseline along the major axis (x-direction),
computed for a spectral resolution of R= 12000. Lower row: Percentage of integrated circumstellar flux as
a function of distance from the center along the major axis, i.e., as seen by an interferometric instrument,
for K-band, Hα , and Brγ . The hatched regions indicate the range from the (smaller) pole-on to (larger)
edge-on cases. The dotted limit marks 80% of the total flux, corresponding to the FWHM for a Gaussian
shaped emission profile. Figure adapted from Fig. 1 of Faes et al (2013, computed with HDUST), using
their reference model data for Brγ . The inclination angle for panels a–g is 45◦, for h and i 0◦ to 90◦
wind is due to a phenomenon called “superionization”, and comes from the intrinsic
instability of radiatively driven winds giving rise to shock-induced X-ray emission,
which then creates these high ionization levels. For a review, see Puls et al (2008),
and, concerning Be stars in particular, their Sect. 2.2.1 about rotational effects on the
wind’s latitudinal structure, leading to a polar enhancement of the wind for rapidly
rotating B stars.
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2.4 Polarization of Spectral Lines
The most important process for the polarimetry of spectral lines is the depolarization
of the continuum polarization (see Sect. 2.2) due to line emission. Emitted line pho-
tons may usually be considered unpolarized16, and if line emission rises significantly
above the continuum the polarization of the continuum is diluted. The respective path
in a Stokes (Q,U) diagram is a linear excursion towards zero intrinsic polarization
(Vink et al 2005; Harrington and Kuhn 2009a). However, observed spectral line sig-
natures of rotating disks are more complicated than that and often show loops in the
(Q,U) diagram. This is thought to be partly due to scattering of line photons in the
disk, partly due to selective absorption (Wood et al 1993; Vink et al 2005), and possi-
bly other effects play a role as well (of which many exist, see for instance Harrington
and Kuhn 2009b, and references therein). Obviously, modeling the signature requires
a well-understood and complete physical treatment of the radiative line transfer. For
this reason, even though the spectropolarimetric signature harbors great diagnostic
potential, it has only been little explored beyond toy-models, so far.
Magnetic fields are measured using the circular polarimetric signal, observed in
the Stokes V parameter, in spectral lines produced as a consequence of the Zeeman
effect17. For rapid rotators or weak fields the two most suitable detection methods
rely on combining the signal from multiple spectral lines to derive the averaged lon-
gitudinal field strength 〈Bz〉. The Least Squares Deconvolution (LSD) procedure by
Donati et al (1997) bins together selected spectral lines into a single profile and is
used with high spectral resolution data. Magnetic configurations with 〈Bz〉 = 0 can
be detected with this technique, including, in principle, localized magnetic features
(Kochukhov and Sudnik 2013). For instruments with medium resolution (Bagnulo
et al 2002) gave a linear correlation between Stokes V/I and a function of λ , I, and
dI, valid under the weak field approximation:
V
I
=
[
−geffCzλ 2 dII dλ
]
×〈Bz〉 (13)
where Cz summarizes the physical constants:
Cz =
e
4pimec2
∼ 4.6710−13A˚−1G−1 (14)
Typically an effective Lande´ factor geff = 1 is used (Casini and Landi Degl’Innocenti
1994). Since 〈Bz〉 is measured from the slope of all points V (λ )/I(λ ) when plotted
vs. the right-hand side of Eq. (13), this will be referred to as “slope method”.
2.5 Quantities Observed with High-angular Resolution Techniques
Interferometrically, Be stars have mainly been investigated with optical long baseline
interferometry (OLBI, sometimes the acronym LBOI is used as well), i.e., at wave-
lengths between about 0.5 and 2.2 µm and with baselines between a few tens and a
16 Some line processes, such as resonant scattering, will result in polarized line emission.
17 Magnetic fields produce Stokes Q and U signatures as well, but typically one or two orders of magni-
tude smaller than Stokes V .
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few hundreds of meters. Interferometric observations are taken either in integrated
light, or spectrally resolved across a spectral line. Technically, the presence of an
embedded point source (the star) with significant flux contribution in the continuum
at the above mentioned wavelengths is a great asset for calibration purposes, and in
high-resolution observations allows the use of relative quantities (i.e., with respect
to the local continuum). The basic interferometric observables are visibility (fringe
contrast) and phase (fringe position). Since the absolute value of the latter is garbled
by the atmosphere even in the most favorable conditions, it is either combined to an
invariant closure phase over three baselines, or in spectrally resolved observations of
spectral lines measured relative to the adjacent continuum. The observables related
to the intensity distribution on sky are derived from the Fourier series reproducing
this distribution (see, e.g., Petrov et al 1996, for the principles of differential interfer-
ometry). The series can be written as a function of the baseline vector in such a way
that even terms contribute to visibility and odd terms to phase (see Appendix B of
Lachaume 2003), i.e., the symmetric shape information is in the visibility, the skew-
ness in the phase. The respective first terms in these series, dominating for marginally
resolved targets, are representative of overall size and position of the photocenter.
A detailed interferometric study of the central Be star itself has so far only been
possible for α Eri. Domiciano de Souza et al (2012a) demonstrate the power of differ-
ential phases across a photospheric line (Brγ) as being more sensitive and going be-
yond the spatial scales probed by the visibility when determining photocenter shifts.
However, in all but the most nearby Be stars the central star is not or only marginally
resolved. This means that even if the disk is fully resolved the visibility will not drop
below a certain value, given by the flux ratio between disk and star. One has to be
careful to make sure whether the assumption of only marginally resolving the target
is true for all components of the Be star, when interpreting phases.
Figure 8 illustrates this for the Brγ-line. The data are from Meilland et al’s (2012)
observations of α Ara (B2 V). Panels e and f of Fig. 8 (the latter taken with a baseline
parallel to the major axis of the disk) are well comparable to panels f and g of Fig. 7,
which were computed for the so-called “astrometric regime” (Lachaume 2003). The
data in panels g and h of Fig. 8 were taken only at slightly longer baselines, but the
effects of starting to resolve the envelope are clearly visible in the phase signature. In
panel a, finally, the circumstellar envelope is strongly resolved in the Brγ line (see,
e.g., Faes et al 2013, for theoretical profiles of resolved Be star disks).
A baseline along the minor disk axis does not produce any phase signature as
long as the disk emission is symmetric (for a well resolved disk this requires that it
must not be significantly obscured by the star). This is seen in panels b, c, and d of
Fig. 8, where the visibility is “U” or “V”-shaped, instead of having a “W”-shape as
along the major axis. The phases show a zero phase signature in panel c, where the
baseline was almost perfectly aligned with the minor axis, and mirror each other on
panels b and d.
Panels h and i of Fig. 7 show the percentage of integrated flux (line + continuum)
as a function of distance from the center along the major axis of the disk. This is
appropriate for comparison with interferometric measurements using a two compo-
nent model (disk+star). The 80% level corresponds to the flux encircled within the
FWHM of a Gaussian disk component. Because the disk is geometrically thin (see
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Fig. 8 Spectro-interferometric data of α Ara by Meilland et al (2012), all taken with AMBER at the VLTI
within a few days. The central panel shows where in the u,v-plane each dataset is located. Conjugated
points, which only differ by an inverted sign of the phase, are shown as open circles. The major and minor
disk axis orientation according to Meilland et al (2012) are indicated with a dashed and a dotted line,
respectively. In all panels the continuum visibility was normalized to unity, and the continuum phase to
zero
Sect. 5.1.5), a dense disk seen edge-on will appear larger (i.e., have larger Gaussian
FWHM) to a baseline vector oriented parallel to the equator than the same disk seen
pole-on. The hatched areas in the panels h and i bracket these two cases. Such a trend,
shell stars seemingly having larger disks, is indeed seen in Table 2, though not at a
statistically significant level with the current data.
Unless many measurements were taken at different baseline lengths and angles,
the so-called u,v-coverage, any interpretation of interferometric data strongly relies
on assumptions, usually provided by modeling the system (and, therefore, interpreta-
tion relies as well on the choice of the model). The most simple, purely geometrical
approach without regard of kinematics or radiative transfer is provided by LITpro18
(Tallon-Bosc et al 2008). Notable physical models of Be disks are SIMECA (Stee and
de Araujo 1994, time independent, parameterized structure and radiative transfer) and
18 Strictly speaking LITpro is a tool to reconstruct interferometric observables out of geometric building
blocks to reconstruct the on-sky intensity map. Other, similar tools exist, but only LITpro has so far been
used for Be stars, to our knowledge.
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its successor by Delaa et al (2011), BEDISK (Sigut and Jones 2007, time indepen-
dent, partly self-consistent structure, parameterized radiative transfer), and HDUST
(Carciofi and Bjorkman 2006, time dependent partly self-consistent structure, time
independent self-consistent radiative transfer) and the model developed by Gies et al
(2007) for infrared data.
The photocenter offset in a spectral line, e.g., the disk emission with respect to the
adjacent continuum can also be measured by spectroastrometry, tracing the position
of the spectrum perpendicular to the dispersion. This was done for nearby Be stars
with large disks to investigate the disk rotation law (Wheelwright et al 2012). With a
precision of about 0.2 mas this method is reaching a similar range as OLBI proper.
3 Central Stars
3.1 Be Stars as Rapid Rotators
Gravity darkening, introduced in Sect. 2.3, affects the determination of the rotational
velocity vsin i, and hence W , because the most rapidly rotating part of the star is
becoming inconspicuous as W & 0.75 (see, e.g., Stoeckley 1968; Townsend et al
2004, as well as the left panel of Fig. 5). Recent interferometric results corroborate
this effect, see Fig. 13 of van Belle (2012), who notes that “actual oblateness values
are always well in excess of the simple predictions from vsin i”. This has effectively
reopened the discussion of how close Be stars rotate to the critical limit, and given
rise to codes explicitly taking it into account, like BRUCE/KYLIE by Townsend et al
(op. cit.), FASTROT by Fre´mat et al (2005), or CHARRON by Domiciano de Souza
et al (2012b).
Further complications in deriving vsin i are posed by the Be nature itself. In stars
with more massive disks additional line absorption in shell stars, as well as possible
line emission in Be stars, let the observed profiles attain a narrower appearance. Un-
fortunately, lines typically used, such as the stronger helium lines or Mg II λ4481, are
among the more easily affected. This will bias the derived statistics to slower rotation.
A further bias will come from undetected binaries, where the photospheric absorp-
tion does not originate in the same component as the Balmer emission. This will not
only bias the derived statistics to slower rotation, because an arbitrary companion is
more likely to be a slower rotator, but as well to earlier spectral subtypes, which a
companion dominating the photospheric flux (i.e., this is actually the primary of such
a system) is expected to have for an non-evolved binary.
On the level of individual stars, intrinsically slow rotation has been claimed for
some objects. Moujtahid et al (1998) suggest six such stars; however, Rivinius et al
(2006) discuss these and find the available evidence unconvincing. The slowly ro-
tating star β Cep (B2 III) was for some time thought to be a Be star (Henrichs et al
2000), but it turned out to be a binary where the observed photospheric spectrum
does not originate from the Be star (Schnerr et al 2006), illustrating an extreme case
of the earlier mentioned bias mechanism. Furthermore, based on medium spectral
resolution interferometric data, Meilland et al (2007a) obtained only W = 0.47 for
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κ CMa (B1.5 IV). Later, however, using high resolution data, Meilland et al (2012)
concluded for W = 0.7519.
On the other hand, there is evidence for several Be stars to be rotating very close
to, maybe even at the critical limit. Most enigmatically, there is α Eri, for which the
photospheric flattening was observed to be 1:1.56, i.e., even more than predicted by
the Roche-approximation for critical rotation (Domiciano de Souza et al 2003). Con-
sidering a pseudo-photosphere contribution from a weak disk (which makes a star
look more flattened than it actually is), present at the time of observing, Carciofi et al
(2008) derive a rotation of W ≥ 0.90, and more recently Domiciano de Souza et al
(2012a) obtained W = 0.94±0.04. This is the most direct measurement of the rota-
tional properties of a Be star to date. More indirect evidence for rotation close to the
critical limit comes from several stars which are binaries with evolved companions
(see Sect. 6.3). Due to their mass transfer history, they must have been spun up. As-
teroseismic (see, e.g., Cameron et al 2008) as well as some interferometric (Stee et al
2012, 2013) results also indicate a very close to critical rotation.
However, it must be kept in mind that rapidly rotating B stars exist that are not
Be stars. α Leo (B8 IV) has been observed interferometrically to rotate at W = 0.81
(McAlister et al 2005), and the entire spectral class of Bn stars, about as numerous as
the Be stars in a magnitude limited sample, such as the Bright Star Catalog (Hoffleit
and Jaschek 1991), is defined as rapidly rotating B stars (seen equatorially, hence the
“n”, signifying shallow, very broadened lines) but not showing Balmer emission. A
close investigation of the class properties of Bn stars has not yet been undertaken,
unfortunately.
Statistical studies of the rotation, relying on deconvolving of sin i from the mea-
sured vsin i, such as Chauville et al (2001), point quite homogeneously to a mean
value of W = 0.75 with a rather small intrinsic scatter of the same order as the ob-
servational uncertainty. Townsend et al (2004) pointed out that this might not be the
true average, however; it could as well indicate an upper detection threshold for vsin i
19 Here and below we make use of Eqs. (7), (8), and (11) to convert the literature values, typically listed
as ω or ϒ , to W . The uncertainties in estimating vcrit and vorb are equivalent to each other, as long as the
Roche-approximation is used.
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at about 75 to 80% critical rotation. This has prompted a number of new studies
on the matter. Cranmer (2005) undertook a thorough statistical analysis. At variance
with most other studies, Cranmer derived a very strong dependence of W on spectral
type, increasing from W = 0.46 for the earliest to W = 0.93 for the latest Be stars.
However, Cranmer used, as input data, the catalog data of 462 Be stars tabulated
by Yudin (2001), and as discussed by Howarth (2007), this catalog shows system-
atic differences in vsin i vs. other sources, and neither is it homogeneous in itself.
McSwain et al (2008) investigated 16 Be stars in NGC 3766, all of intermediate Teff
for B stars, and derive that the rotational velocities in their sample is consistent with
0.63<W < 0.74.
Fre´mat et al (2005) used the input spectra of Chauville et al (2001) for 130
stars, and applied their own code, FASTROT, fitting all five parameters to determine
a rapidly rotating star simultaneously. Finding W = 0.68 as the “most likely value”
of W for a Be star (i.e., the median of W , not W ), their conclusions do not differ
very much from Chauville et al, not finding any trend with either Teff or logg. Un-
fortunately, a close inspection of the data reveals some potential problems, e.g., in a
histogram of the derived inclination the bin i> 80◦ is almost empty, even known shell
stars being assigned partly much lower inclinations. Given the fairly subtle effects in
the spectrum to distinguish between a star rotating intrinsically at W = 0.75 and a star
rotating at W > 0.75, it is unlikely that such a method would be able to determine in-
clinations with a typical uncertainty of less than 3◦, as quoted by Fre´mat et al (op.
cit.). Since, however, all five parameters are derived in one simultaneous step, this
may cast some doubt on the other four. The very small scatter of W computed from
Table 9 of Fre´mat et al (2005, see + signs in Fig. 9), being smaller than the average
uncertainty by a factor of about 2, is somewhat surprising indeed.
Rivinius et al (2006) restricted themselves to 26 shell stars, thereby avoiding the
problem of sin i, since sin i≈ 1 for shell stars. Without considering gravity darkening,
they get W = 0.75± 0.14 and consider it as a lower limit, well in agreement with
Townsend et al (2004), and no significant trend with Teff. Meilland et al (2012) use
a similar approach, in that they determine the inclination interferometrically (using
the disk as proxy), and then use vsin i and vcrit from Fre´mat et al (2005) to derive W .
They obtain W = 0.76, also without a trend over Teff (see Fig. 9).
The method applied by Ekstro¨m et al (2008) differs, as they compare the actual
incidence of Be stars with rotational evolution of a synthetic sample. According to
this test, which discards any contribution to rotation by spin-up through binary evo-
lution, in order to explain the observed number of Be stars, B stars must be able to
become Be stars if they rotate at and above W = 0.62.
Huang et al (2010), using observational data from open clusters, approach the
problem from the B star side, and identify the highest W observed in the distribution
of non-Be stars. They obtain W ≤ 0.93 for late type B stars (M? < 4M), dropping
to W ≤ 0.56 for M? > 8.6M. This does not exclude Be stars at lower W , but non-Be
stars at higher values.
Not including the study by Cranmer (2005) due to problems with the input data, as
discussed above, the key properties of Be star rotation can be summarized as follows
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1. The measured W for Be stars is around 0.8. The distribution is quite narrow, of
the order of the observational uncertainty, and does not depend on temperature or
effective gravity.
2. Given the effect pointed out by Townsend et al (2004), some of these must rotate
more rapidly. How many Be stars are affected by this bias is unknown, but likely
not all, as, for instance, it would be difficult to explain the incidence of Be stars
with only critical rotators (Ekstro¨m et al 2008).
3. The minimum W for a B star to become a Be star is around 0.7. As W is invariant
with Teff, this minimum can not strongly depend on temperature, either.
4. At least for Be stars observed in open clusters, there is a value of W above which
all B stars become Be stars, which does depend on temperature, and that increases
from about 0.64 to about 0.95 as the Teff of the star decreases.
Combining points 3 and 4 suggests that the mechanism forming Be stars in early
B subtypes must be close to 100% efficiency already at low W , since an early B
star at and above the minimum W in almost all cases becomes a Be star, so that
there cannot be many “failed attempts”. In late subtypes, however, such “failures” are
more common, as otherwise no, or almost no, plain B stars could be observed at such
high W as 0.93. Indeed many of the Bn stars are late type B stars; for instance α Leo,
discussed above, is of type B8 IVn. The processes contributing to the Be phenomenon
(see Sect. 4) are possibly stronger, and/or more numerous for early type Be stars than
they are for late type ones.
The works by Ekstro¨m et al (2008) and Granada et al (2013) investigated the
angular momentum evolution of B stars and their link to Be stars. In particular, a B
star that starts its life with an already high W will inevitably hit the critical limit later
during its main sequence life, and from then on, at the latest, must get rid of the excess
angular momentum. This provides predictions for the minimum mass- and angular
momentum loss rates and, as discussed above, constraints on Be star statistics.
3.2 Pulsating Be Stars
A major question debated in the last three decades has been whether the variability
with periods between 0.5 and 2 d is due to pulsation, or due to rotation (see Porter
and Rivinius 2003, and references therein). Rivinius et al (2003) argued that in most
early type Be stars the observed variability is due to low non-radial order g-mode
pulsation, with grouped multiperiodicity including modes with higher mode number
` observed in some stars.
A breakthrough was brought about by photometric satellite missions, fueling re-
cent advances in asteroseismology in general (Aerts et al 2010). Multiperiodicity of
Be stars is now routinely observed. Walker et al (2005b) were the first to report mul-
tiperiodicity from space observations, in the Oe star ζ Oph (O9.5 V). Some of the
periods could as well be identified in spectroscopy. Walker et al (2005a) suggested
the designation SPBe stars for such pulsators; however, as it is becoming increas-
ingly clear that all Be stars fit into that class, a separate designation is probably not
necessary. Saio et al (2007) were the first to discover low amplitude (≈ 1 mmag)
pulsation in a late type Be star, the B8 Ve star β CMi. See Table 1 for an overview
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of the stars analyzed so far. New ground based results point in the same direction
(e.g., Uytterhoeven et al 2007; Gutie´rrez-Soto et al 2007; Levenhagen et al 2011, for
V2104 Cyg, B6 V, NW Ser, B2.5 III, and V1446 Aql, B2 IV and λ Pav, B1 V, respec-
tively). Analyzing 18 Be stars in the first CoRoT exoplanet field, Semaan et al (2011)
find that “generally the frequency spectrum shows a forest of frequencies around one
or two main frequencies as well as several isolated frequencies.” Semaan (2012) gives
a detailed light-curve analysis of 15 Be stars observed with CoRoT, all of which are
reported as multiperiodic pulsators.
Be star lightcurves have sometimes been reported as of double- or even triple-
wave, (Cuypers et al 1989; Balona et al 1992) which was often interpreted as sup-
porting evidence of a rotational nature. The light curves of HD 50209 (B8 IV, Fig. 4
of Diago et al 2009a) and HD 181231 (B5 IV, Figs. 1 and 8 of Neiner et al 2009) are
good examples how the multiperiodicity of Be stars can produce such an appearance
through its frequency groupings.
Only early type Be stars pulsate strongly enough to be detected from the ground.
Nevertheless, pulsation extends to late type Be stars, though with smaller amplitudes.
It is interesting to note that all Be stars, regardless of spectral subtype, that were
analyzed with high-cadence, long duration space based photometry data have been
reported to be multiperiodic and to pulsate. About half of these are nearby, prominent
and well investigated Be stars (Table 1), the other half is basically drawn from a
magnitude limited sample, namely the Be stars in the CoRoT target fields (Semaan
2012). Given that this is currently the most sensitive and best developed technique to
study pulsation, this backs the claim that Be stars are non-radially pulsating stars in
general, at least in the Milky Way (see Sect. 7.2.4 and Table 3 for other galaxies).
Be stars are not alone as pulsating stars in their region of the Hertzsprung-Russell-
Diagram. Plain B stars have been found to pulsate in the entire range. However, non-
pulsating normal B stars, even as early as B0.5 IV, exist as well (e.g., Pa´pics et al
2011, with a detection threshold in the mmag regime). The rotation might be respon-
sible for the pulsation in some way, so that it is not specific to Be stars, but again, in
order to investigate this, a similar study on Bn stars is yet to be carried out.
Looking at the various types of variation seen in the stars listed in Table 1, one
can sort the variability into a number of types:
1. In the earliest Be stars, down to about B3, β Cep-type pulsation can be present,
i.e., high-` p-modes (after the restoring force, pressure) driven by the κ mecha-
nism, acting on the iron (Fe III) opacity bump.
2. All over the Be range, periods with about 0.5 to 2 d are found, for which different
mechanisms have been proposed:
(a) Low-` g-modes (after the restoring force, gravity), likely of high radial order
n. Asteroseismic modeling points to prograde m=−1 and higher modes (see
references in Table 1), while from spectroscopic modeling retrograde m=+2
and higher modes are favored (Rivinius et al 2003, it should be noted, how-
ever, that Rossby waves were not considered there). Like the β Cep-type pul-
sation, these are driven by the κ mechanism, but for g-modes the mechanism
would not set in earlier than about B2 (see Fig. 1 of Saio 2013).
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Table 1 Multiperiodic Be stars found by space-based photometry
Star Sp. type Frequencies Mode types Reference
[c/d]
ζ Oph O9.5 Ve 1.2 to 19.1 high-` p-modes 1
HD 51452 B0 IVe ≈ 1.5 to 4.5 p-modes & g-modes 2
0 to ≈ 1.5 gi-modes 2
HD 49330 B0.5 IVe 0.87,1.47,2,2.94 low-` g-modes 3
11.86,16.89 high-` p-modes 3
HD 127756 B1/2 Vne 0.03 retrograde r-modes? 4
1,2 prograde g-modes 4
HD 51193 B1.5 IV 0.72,1.4,2.6 pulsation 5
CoRoT 102719279 B2.5 e 0.9,1.1,2.3 pulsation 6
HD 217543 B3 Vpe 0.03 unexplained 3
1.7,3.7 prograde g-modes 3
α Eri B3 Vpe 0.775 pulsation 7
0.725 orbital variation 7
HD 163868 B5 Ve ≈ 0.01 retrograde r-modes? 8,9
1.6,3.3 low-` prograde g-modes 8
1.6,3.3 retrograde g-modes 9
HD 181231 B5 IVe 0.62,0.7,1.25 low-` g-modes 10
CoRoT 102761769 B5–6 IV–Ve 2.45 pulsation 11
β CMi B8 Ve 3.3 low-` g-modes 12
HD 50209 B8 IVe 0.1,0.8,1.5,2.2 low-` g-modes 13
HD 175869 B8 IIIe 0.64 rotational? 13
1.3 g-mode 14
KIC 6954726 — 0.1,0.9,1.027,1.7 inconclusive 15
1Walker et al (2005b), 2Neiner et al (2012a), 3Huat et al (2009), 4Cameron et al (2008),
5Gutie´rrez-Soto et al (2011), 6Gutie´rrez-Soto et al (2010), 7Goss et al (2011), 8Walker et al
(2005a), 9Savonije (2007), 10Neiner et al (2009), 11Emilio et al (2010), 12Saio et al (2007),
13Diago et al (2009a), 14Gutie´rrez-Soto et al (2009), 15Balona et al (2011)
(b) A variant type of Rossby waves (r-modes) has been suggested, taking into
account the rapid rotation. The modes are driven by the interplay of buoy-
ancy due to the κ mechanism exciting normal g-modes and the Coriolis force
(called “mixed modes” by Townsend 2005, “quasi g-modes”, q-modes, by
Savonije 2005, and “gravito-inertial”, gi-modes by Ballot et al 2010). For stars
of a type too early to excite these modes via the κ mechanism, Neiner et al
(2012a) have proposed an excitation through convection, which may explain
such long periods in these early Be stars. The result of Mathis et al (2013)
shows that the resulting amplitudes indeed grow with rotation.
(c) In some stars one of the observed frequencies seems to be rotational. How-
ever, this has not yet been confirmed by spectroscopy, which would be partic-
ularly important since rotation can only provide the clock, but the actual vari-
ability mechanism remains to be identified (but see below for a candidate pro-
cess, namely small scale magnetic fields). For instance, in ω Ori Neiner et al
(B3 III, 2003, 2012b) a persistent period of 1.37 days was found in UV and
optical spectroscopy. Similarly, for the suggested rotational period of 1.21 d
in γ Cas, Henry and Smith (2012) report variable shape and amplitude of the
light-curve over 15 years, but a single, stable period.
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3. Very low frequencies are eventually seen. Whether these are really photospheric,
in which case they might be retrograde r-modes (i.e., Rossby waves), or rather
reside in the circumstellar disk, is unclear. Such cycle time scales seem, e.g., to
reside in the line emission region of the binary δ Sco (B0.2 IV), where for a few
years a 60 d cycle was present (Jones et al 2013). In ω CMa, additional variability
with a mean cycle length of 20-25 d (Sˇtefl et al 2003a) becomes observable at
times of outburst in emission lines, but not in photospheric ones.
4. During outburst, in particular, additional frequencies arise at similar values as
the persistent g-modes mentioned above (Huat et al 2009; Balona 2013). Again,
such a behavior was first found in spectroscopy (Sˇtefl et al 1998, and references
therein), but became much clearer with the advent of space-based photometry.
This and the previous point will be discussed in detail in Sect. 4.
3.3 Be Stars and Magnetic Fields
No magnetic field has been reliably detected in any Be star. In fact, the magnetic field
detections which have been published for Be stars are all close to the 3σ -limit, and
independent confirmation is important. Such detections, based on both techniques
described in Sect. 2.4, were published for ω Ori (B3 III, Neiner et al 2003, using
LSD), for 27 CMa (B3 III) and χ Oph (B2 V, Hubrig et al 2007, slope method), and
for µ Cen (B2 V), o Aqr (B7 IV), ε Tuc (B9 IV), and HD 62367 (B9, Hubrig et al
2009, slope method). Independent observations in order to test these claims were
obtained for four stars. For ω Ori and µ Cen, these gave negative results (Neiner
et al 2012b; Wade et al 2012), while for χ Oph (Silvester et al 2009) and HD 62367
(Wade priv. comm., 2013) as well no field was detected, but the precision required to
confirm the claimed fields was not reached for these two objects. For a while, β Cep
was as well listed as magnetic Be star (Henrichs et al 2000), however, as said above
it is a binary: The magnetic star is one and the Be star the other component (Schnerr
et al 2006).
All circular polarimetric data analyzed with the slope method so far have been
taken with the FORS1/2 instruments at the VLT (for which the method was devised).
Bagnulo et al (2012) undertook a re-reduction of all archival data, and came to the
conclusion that detections not well above the 3σ -limit are not entirely trustworthy. In
particular for Be stars, they note that “most if not all of the detections . . . are probably
spurious, and that magnetic fields much above [a 〈Bz〉 of] 100 G rarely if ever occur
in classical Be stars”.
In that context, the “Magnetism in Massive Stars” (MiMeS) project dedicated a
part of its Survey Component to classical Be stars. While in all other target subcate-
gories positive magnetic field detections were made with an incidence of 5–10%, not
a single magnetic field was found in the about 100 observed Be stars (see, e.g., Wade
et al 2012, final publications by the MiMeS group are in preparation). The MiMeS
sample includes Be stars with projected rotational velocities as high as 350 km/s, as
well as those with low projected rotational velocity, in which a Zeeman signature
would be fairly easy to detect, even if the star itself is a rapid rotator. This not only
confirms the conclusion of the FORS re-reduction, but excludes the presence of large
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scale, organized surface fields stronger than ∼ 250 G in about one-half of the sample
(Wade & Grunhut priv. comm., 2013). Neither did MiMeS find any observational ev-
idence for small scale magnetic fields (which can have 〈Bz〉 = 0 G across the stellar
disk, e.g., for localized loops), but because of the multitude of possible geometries it
is much harder to give a numerical upper limit. Adopting the random magnetic spot
formalism of Kochukhov and Sudnik (2013) the typical MiMeS Be star observations
conservatively rule out spots with angular radii of 20◦ or larger, and fields of 500 G
or stronger, for a filling factor of 0.5 (Grunhut & Wade priv. comm., 2013).
Although there is no direct observational evidence for small scale magnetic fields
in classical Be stars, indirect evidence has been reported. It comes mainly from obser-
vations of small scale and rapid line profile variability in the visual regime (e.g., Smith
et al 1996), flux and line profile variations in the ultraviolet regime (e.g., Smith 2006),
and X-ray flux variations (e.g., Smith and Robinson 1999), which are all related to
each other (e.g., Robinson et al 2002). All these observations point to the transient
presence of circumstellar plasma heated to well above photospheric temperatures, of
which magnetic fields (which could be created, e.g., by subsurface convection, see
Cantiello and Braithwaite 2011) are one possible origin.
In this context, γ Cas (B0.5 IV), as one of the best studied Be stars, has proven
to be a rather unique case (and thus far from being the archetype it was often con-
sidered). It has hard, thermal X-ray emission, which is variable on all observed time
scales, including short-lived flaring. This distinct behavior has prompted the postu-
lation of a distinct group of γ Cas-analogues, by now consisting of ten members, in-
cluding one Oe star (see, Smith et al 2012b; Rauw et al 2013, for a list). The emitting
plasma seems to be associated with the Be star, rather than with a potential secondary
(Smith et al 2012b; Torrejo´n et al 2012). Together with the correlated UV variations
this is interpreted as evidence for magnetic star-disk interaction (Smith et al 2012a)
as the cause for the heated plasma, although a disk intrinsic magnetic field, i.e., not
connecting to the star, is a possibility as well.
4 The Star-Disk Connection
Neither the properties of the central stars themselves, nor the physical mechanisms
in the disks are unique to Be stars, except possibly in their combinations. This is
different for the connection between star and disk, and the name “Be phenomenon”
has been used to designate the still largely unknown physics of the actual mechanism
that expels the material from the star with properties suited to form a Keplerian disk.
What may have been seen in the past as an artificial separation has now been observa-
tionally verified: The mechanisms that feed the disk are different from the mechanism
that makes the disk grow. In other words, once material is ejected and orbits the star,
its fate is governed by an entirely different physics, and all memory on the process
that brought it there is lost. This also happens in accretion disks of young stellar ob-
jects, once the accreting material crosses the so-called “X point”, which decouples
the inner magnetic field from the Keplerian disk (Papaloizou and Lin 1995). Other
than an accretion disk, however, a viscous decretion disk has no inner radius other
than the stellar surface (see Sect. 5.3).
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4.1 Mass and Angular Momentum Transport
A circumstellar decretion disk will not persist unless its inner boundary is constantly
supplied with angular momentum to prevent re-accretion (Sect. 5.4). Since most Be
stars likely do not rotate critically, a mechanism in addition to rotation is needed for
this. The intrinsic rotational velocity distribution provides a strong constraint for any
such mechanism: it defines the order of magnitude of the problem. For instance, at
W = 0.75, an excess velocity of the order of 100kms−1 is needed to bring material
into a Keplerian orbit for main sequence B star parameters, while close to W = 1
already the photospheric turbulence will be sufficient for some particles to enter orbit.
The fact that Be star disks may dissipate and form anew over relatively short time
scales, much shorter than any evolution time scale of the central star, points to a
mechanism that is capable of switching on and off. An important point was made
by Kroll (1995, see also Kroll and Hanuschik 1997), who explored smooth particle
hydrodynamic simulations of localized mass ejections: It is not necessary that all the
ejected material has the right kinematic properties to form a Keplerian disk. Even in
an un-directional, spherical ejection a “kinematic filter” will naturally act to select
the particles with the right parameters to remain in orbit, as the others will either fall
back or escape.
Finally, a constraint is posed by the realization that the circumstellar disks are
Keplerian (i.e., subject to a 1/r potential, as is shown later by the explanation of
V/R-variations, in Sect. 5.3.2) and governed by viscosity. This means that whatever
mechanism puts the material in orbit, it must not act strongly on the material that
already is in orbit, as otherwise the settling into a Keplerian disk, i.e., a disk free of
external forces besides gravity, would be prevented.
4.1.1 Pulsation
Pulsation has been suggested early on to be responsible for the Be phenomenon
(Baade 1988). However, pulsational velocities are restricted to the order of magnitude
of the sound speed (≈ 20kms−1); much larger velocities – or to be precise, larger local
velocity differentials – would create supersonic turbulence and be damped quickly,
the damping details depending on the mode type. Rivinius et al (1998b) observed
that for the multiperiodic Be star µ Cen (B2 V), at times of constructive interference
of the pulsational velocity fields, mass was ejected into the circumstellar environ-
ment. Then the overall amplitude can well exceed the sound speed for some time.
In the particular case of µ Cen, the interfering modes are of identical mode num-
bers ` and m, differing in the number of radial nodes n only. This means that the
surface velocity fields are of identical structure, so that in constructive interference
the velocities co-add on the entire surface. Superposition of modes with different `
and m is likely much less efficient to temporarily enhance the mass loss. Indeed, al-
though most Be stars seem multiperiodic (see above), it is clear from spectroscopy
that multiple periods with identical mode numbers and comparably high pulsational
amplitudes are uncommon (Rivinius et al 2003). However, some correlation between
photometric pulsation amplitude and circumstellar activity has as well been observed
in some stars not showing such superposition.
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Goss et al (2011), for instance, report observations of α Eri (B3 V) showing such
behavior. There are only two frequencies, out of which one is well known to be pul-
sational from ground based spectra (0.775 c/d, see e.g., Rivinius et al 2003). This
frequency is stable in value and phase, i.e., it is long-term coherent. The second fre-
quency, 0.725 c/d, is not, it varies in frequency from 0.69 to 0.73 in various seasons,
and is incoherent in phase over a longer time. Both frequencies rose in strength 2005
to 2007, which according to spectroscopy coincides with an emission line phase (e.g.,
Carciofi et al 2008). In CoRoT 102719279, a shell star, fadings supposedly caused by
newly ejected matter are preceded by a strong amplitude increase of the periodic vari-
ations (Gutie´rrez-Soto et al 2010), which is also similar to what has been observed in
µ Cen. In HD49330 the observed strength of short period p-modes decreased, while
additional longer, transient periods arose during outburst. Huat et al (2009) interpret
those as g-modes. However, other scenarios are conceivable as well (see below).
One more example of interdependency between the circumstellar activity and
the stellar pulsation was seen in ω CMa (B2 IV). Sˇtefl et al (2003b, their Fig. 8)
report a single, very stable and coherent pulsation period over several years of disk
dissipation. After the next outburst, however, the phase of the pulsation period is
suddenly advanced by ∆φ = −0.2. The behavior could then be traced back several
outbursts. Whether pulsation here is cause or consequence is unclear, but in any case
the phase lag is a constraint to be explained by a mass-ejection theory.
Theoretically, the ability of linear non-radial pulsation (i.e., not taking into ac-
count possible multi-mode beating effects driving the amplitude temporarily well
beyond the usual limits) to eject material seems insufficient to form a Be star disk.
The pulsational amplitudes are not high enough (Owocki 2006), and works where
pulsation is shown to achieve the task (Cranmer 2009) seem to be based on rather
optimistic assumptions.
Retrograde modes, as spectroscopic modeling indicates, would as well be a prob-
lem. In retrograde modes the part of the wave associated with the maximal prograde
particle velocity turns out to be a density minimum, and retrograde modes tend to re-
move angular momentum from the uppermost atmosphere layers, if they are excited
in the star and damped in the atmosphere (see, e.g., Townsend 2007). It should be
noted, however, that “mixed modes”/gi-modes (see Sect. 3.2) can have have a retro-
grade phase but a prograde group velocity (see, e.g., Townsend 2005), which would
solve the problem. Rogers et al (2013) have modeled such modes as internal grav-
ity waves, transporting angular momentum upwards. Neiner et al (2013) suggest that
such a mechanism was observed in HD 49330, where, when enough angular momen-
tum has accumulated in the surface layers, transient g-modes were triggered, driving
the outburst and at the same time suppressing the p-modes. A variable surface angular
momentum at the equator was possibly observed in Achernar (Rivinius et al 2013).
While the variation is correlated with the circumstellar activity, the causal relation
between the two needs further scrutinization.
4.1.2 Magnetic fields
Magnetic fields can provide angular momentum to the circumstellar domain in a very
straightforward way, just by leverage. The most mature theoretical approach to mag-
Classical Be Stars 33
netic fields as an ingredient to Be stars is that of the magnetically torqued disk (MTD)
(e.g., Cassinelli et al 2002; Brown et al 2004, 2008). Assuming a rotation at about
80% of the critical velocity (see above), one can estimate from Fig. 9 of Cassinelli
et al (2002) a minimum required “average surface field” for a magnetically torqued
disk to be above 1 kG for a B0 star, about 300 G for a B2 star, and a few tens of Gauss
for a B9 star. Although the “average surface field” is not exactly the usually measured
quantity of 〈Bz〉, for practical purposes they are of the same order of magnitude. Mah-
eswaran (2003), using a somewhat different method of angular momentum transport,
derives only about one tenth of the field strength necessary to form a Keplerian disk.
However, the MTD faces some difficulties. For one, the field properties and the
rotation rate in this model cannot be fully independent of each other, since the re-
lease radius for the torque to produce a Keplerian disk must neither be too small, as
the material would fall back, nor can it be too large, as the released material would
escape from the system. Secondly, it would require a relatively sharp transition from
a field-governed region to a completely field-free region, as a Keplerian disk needs
to be largely free from external forces (apart from gravity) in order to form. Indeed,
magneto-hydrodynamic (MHD) modeling fails to produce a Keplerian disk by mag-
netic torquing, even with parameters expected to be optimally suited for the task (see
Figs. 1 and 2 of Owocki 2006 and ud-Doula et al 2008). Brown et al (2008) thus sug-
gested a transition region between the magnetically governed inner and a Keplerian
outer disk region, where the transition is controlled by an increase of viscous effects,
similar to the “X point” in accretion disks. However, while an X point necessarily
forms in accretion disks, as the increasing inner disk density forces such a point to
emerge against the magnetic field, it is not clear why such a point should be stable
or even form in a decretion disk. Moreover, as is seen from Sect. 3.3, magnetic fields
of sufficient strength to produce a MTD, at least in the form originally proposed by
Cassinelli et al (2002), are observationally ruled out.
For small scale magnetic fields only indirect evidence has been reported. In partic-
ular in stars with anomalous flaring X-ray activity, however, such fields may provide
an opportunity to lift material into the circumstellar domain, where upon release at
least some part of the material will have kinematical properties appropriate to end in
Keplerian orbits.
4.1.3 Other Mechanisms
Binarity has as well been proposed to be responsible for the Be phenomenon (e.g.
Krˇı´zˇ and Harmanec 1975), but statistical arguments on Be binarity continue to speak
against it as a wide-spread mechanism (Abt and Levy 1978; Oudmaijer and Parr
2010), and as pointed out in Sect. 1.1.1 classical Be stars with Roche lobe filling
companions are not known to exist. Theoretical work dedicated to binary driven disk
formation came to the conclusion that also there a rotation rate very close to critical
is required (Harmanec et al 2002a; Bisikalo et al 2006). The mechanism suggested
acts by tidal forces, lowering the effective gravity on the Be star equator at the point
towards the companion to zero or below. However, at the required very high W other
weak mechanisms, such as single pulsation, are effective as well.
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The highly eccentric binary δ Sco (B0.2 IV) was for some time considered an
example for binary driven disk formation during periastron. However, upon closer
investigation, it turned out the disk was already present before the periastron (Mirosh-
nichenko et al 2001), and its rotational direction is not aligned with the binary orbital
plane, and possibly even counter-aligned (Sˇtefl et al 2012b; Che et al 2012).
The wind-compressed disk model (WCD, Bjorkman and Cassinelli 1993) was the
first dynamical physical model of Be star disk formation, providing clear falsifiable
predictions. Unfortunately, theoretical work including second order effects did not
confirm the WCD mechanism (Owocki et al 1996). In addition, the WCD naturally
formed an angular momentum conserving disk, which was later ruled out by obser-
vations. Notwithstanding the falsification, much of the new theoretical work on disks
and disk formation reported in this review was triggered by the WCD one way or the
other, and it certainly deserves to be called a ground-breaking work for the field of
Be stars.
4.2 Observations of Actual Mass Transfer
In ω CMa, Sˇtefl et al (2003a) investigated the 1996 and 2001/2 outbursts vs. the pho-
tometric quiescent state. They found a red-shifted persistent absorption at a velocity
of about +2× vsin i in He I and Mg II lines, which was present during the outbursts,
but not in the quiescent state. It is noteworthy that ω CMa is considered a pole-on
Be star. This means that the region against which the absorption forms would have to
be either the stellar pole, meaning material falling back to the star, or the disk con-
tinuum, that forms within about the first stellar radius of the disk. In the latter case
the material would be fed into the disk from above, similarly to the original WCD
scenario.
Another important observation was made of µ Cen by Peters (1986), and later the
same phenomenon was re-observed by Rivinius et al (1998a). During outbursts, they
observed distinct and very short lived blue-shifted transient absorption components
(up to≈−2×vsin i) in the same lines. µ Cen is seen only somewhat more equatorial
than ω CMa. The question is, therefore, whether this is really the aspect dependency
of one and the same process acting in two stars, or rather two different processes.
Given that µ Cen shows multiperiodically triggered relatively weak outbursts every
few weeks, while ω CMa has a single strong pulsation period and a strong outburst
every few years only, the latter is well possible.
It is quite possible that the observations of the γ Cas-analogues introduced in
Sect. 3.3 also are observations of mass transfer events into the disk. However, this
connection has not been firmly established and remains speculative.
4.3 The Disk Behavior During Outburst
While some Be stars have never shown any strong variability of the emission, in
most the disks are replenished, at least partly, by outburst events, in which the disk
emission and polarization rises steeply, signifying a density increase in the innermost
Classical Be Stars 35
0.001
0.002
0.003
0.004
0.001
0.002
0.003
0.001
0.002
0.003
0 1 2 3 4 5 6 7
0
0.001
0.002
0.003
Frequency [c/d]
A
m
pl
itu
de
[m
m
ag
]
a
b
c
d
Fig. 10 The cyclic photometric variability of HD 49330. In quiescence (a) it shows narrow and persistent
pulsation frequency peaks (examples underlaid in blue, the one at f ≈ 5c/d is actually an alias of a higher
p-mode frequency), while in outburst (b and c) additional transient frequencies and their harmonics arise
(groups underlaid in red) and the persistent frequencies weaken. As the outburst ceases, the frequency
spectrum returns to the quiescence appearance (d). Adapted from Huat et al (2009)
parts. While actual observations of the mass transfer are rare (see above), and their
interpretation is debated, these events do have a repercussion on the disk that is much
more frequently observed.
Carciofi et al (2007) reported such a behavior in polarimetry: very short-term
changes of the polarization degree of some hundredth percent and polarization angle
by a few degree of α Eri, were interpreted as due to mass ejections creating transient
azimuthal asymmetries orbiting the star.
With respect to point 4 in the list in Sect. 3.2, HD 49330 (B0.5 IV Huat et al 2009)
deserves closer inspection: HD 49330 was observed from relative quiescence through
an outburst and back (See Fig. 1 of Floquet et al 2009 and Figs. 4 and 5 of Huat et al
2009). The frequencies form two morphological groups: Some are present over the
entire time span, and with narrow frequency peaks. These are interpreted as β Cep
p-modes and weaken during the outburst. Others are undetectable before and after
outburst, but strong in outburst (around 1.47 c/d, 2.94 c/d). The Fourier peaks for
these frequencies are wider and less well defined than those for the other frequencies
(see Fig. 10). Instead of ascribing these frequencies to temporary g-modes, as Huat
et al (2009) do, Balona (2013) suggests a circumstellar origin, an ensemble of short-
lived, transient cyclic events, like the ones known from spectroscopy to accompany
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outbursts (Sˇtefl et al 1998; Rivinius et al 1998a). These would likely be caused by lo-
cally ejected matter not yet circularized. In Balona’s picture, these would temporarily
veil the photosphere, and thus only the observable amplitude of the photospheric
modes weaken, their actual strength unaffected.
An outburst can indeed alter the observational properties of the pulsation. Spec-
troscopic observations of ω CMa show, for the same photospheric period, a different
line profile variability pattern in outburst than in quiescence. The differences are more
pronounced for lines with stronger circumstellar contribution (see Fig. 9 of Sˇtefl et al
2003b). Maintz et al (2003) model this as as an effect of a significantly puffed up disk
(up to stellar latitudes of 40◦) veiling the photosphere. However, while the pattern is
more or less reproduced, the amplitude is not at all, being stronger in outburst, rather
than weaker as predicted by the model. Regardless whether there is a puffed up disk
or not, this makes it plausible that part of this variability is intrinsic to the disk.
Finally, medium-term cyclic light variations on the scale of dozens of days and
with an amplitude of few tenths of a magnitude are sometimes observed in outbursts.
The best known case is again in ω CMa, where Sˇtefl et al (2003a) report 12–25 d
cycles anticorrelated in photometry and emission line strength. This is observed only
in the photometric “high state”, i.e., during active mass transfer between star and
disk. The mechanism of this variability is unknown, but given the formation process
of the photometric signature (see Sect. 2.1), it must be linked to the innermost parts
of the disk. Similar observations of the binary δ Sco, however, with a cycle time of
60–100 d, were made outside the time of mass-transfer, judging from the overall light
curve (Jones et al 2013). It is, therefore, possible that such variations are not or only
loosely related to outbursts.
5 Be Star Disks
The term “classical Be star” is now inextricable from the idea of a circumstellar
disk. This section reviews the observational clues that established that the circum-
stellar environment of Be stars is a flattened, disk-like, structure, and provided both
a qualitative and quantitative confirmation of the schematic view shown in Fig. 1.
With very few exceptions (see, e.g., Sect. 5 of Nemravova´ et al 2010), the presence
of a disk has become the generally accepted view, and all models currently used to
reproduce/predict Be star observables have incorporated such a disk. Observational
phenomena such as the transition between B and Be phases, quasi-periodic long-term
V/R variations, phase-locked V/R variations, etc., are generally viewed as pieces of
a single, well-defined puzzle. Throughout this section, observational disk diagnostics
and theory are considered jointly for the interpretation of the data.
5.1 Geometry of the Circumstellar Material
The general idea of a flattened envelope around Be stars has been confirmed spectac-
ularly by OLBI (see Quirrenbach et al 1994, for the first of many such observations),
which invalidated the class of spherical models practically overnight (the night in
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question being an observing night). However, OLBI data alone do not allow for an
independent determination of both the inclination angle and the thickness of the disk,
since both quantities affect how the disk appears on the sky.
5.1.1 Disk Height and Opening Angle
Even a flattened geometry, as was shown to be present interferometrically, is not
necessarily a disk, but might just be an oblate envelope. This issue was successfully
addressed by combining interferometry with polarimetry. While Quirrenbach et al
(1997) derived an upper limit of 20◦ for the disk opening angle20 of ζ Tau (B2 IV)
and other Be stars, the spectropolarimetric observations of ζ Tau by Wood et al (1997)
could only be explained by either a very thin or a very thick disk of opening angles
of 2.5◦ or 52◦, respectively. Hence, the disk of ζ Tau must have a very small opening
angle. A similar analysis for the continuum polarization of δ Sco (B0.2 IV, Carciofi
et al 2006) corroborates the thin disk hypothesis.
From a theoretical point of view, a rotationally supported (Sect. 5.2), geomet-
rically thin disk in vertical hydrostatic equilibrium has a Gaussian vertical density
distribution if one assumes an isothermal gas. In this case the scale height, H(r), is
controlled only by the gas pressure and the gravity of the star (Bjorkman 1997)
H(r) =
cs
vorb
r3/2
R?1/2
, (15)
where cs is the isothermal sound speed21. The scale height is proportional to the ratio
between the sound speed and the orbital velocity. Such a disk is said to be flaring
because the aspect of the opening angle grows with distance from the star. For a disk
somewhat below the photospheric temperature, the scale height starts with a value of
0.04R?, which corresponds to an opening angle of about 2◦, and puffs up to 3.5R?
(10◦) at a distance of 20 R? from the star.
There are other, less conclusive, arguments favoring a small geometric thickness.
One comes from the statistics of shell stars, which was found to be about 23% by
Hanuschik (1996). Assuming a random distribution of inclinations this translates to
an opening angle of 13◦. In another study, Porter (1996) found a value of 5◦. If the
disk is flaring these values are not in contradiction with the polarimetric results, since
Hα is formed farther out in the disk than the polarized continuum (Fig. 2 vs. Fig. 7).
Another indication of small opening angles comes from the fact that, so far, almost
all observations that could be cross-checked with OLBI measurements indicate that
the polarization angle of the disk is perpendicular to the disk equator (see Sects. 2.2
and 5.1.4). If the disk were both geometrically and optically thick, the polarization
angle would be aligned with the optically thin poles, i.e., parallel to the disk (Wood
et al 1996a).
20 Values given here are the half-opening angle of the disk, i.e., as measured from the disk equatorial
plane. Twice this value is sometimes given, but designations are used incoherently in the literature.
21 cs = [(kT )/(µmH)]1/2, where µ is the mean molecular weight of the gas, T the (isothermal) electron
temperature and mH the hydrogen mass.
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Table 2 Size of the emitting region estimated from Gaussian fits, for different wavelengths
Star Sp. Type R? Measured FWHM Diameter Radius Refs.
[R] [mas] [AU] [R?]
Hα
γ Cas B0.5 IVe 10 3.47± 0.02 0.652± 0.004 7.01± 0.04 1
γ Cas B0.5 IVe 10 3.59± 0.04 0.675± 0.008 7.25± 0.08 2
ϕ Per B2 Vsh 7.0 2.67± 0.20 0.588± 0.044 9.03± 0.68 1
ϕ Per B2 Vsh 7.0 2.89± 0.09 0.637± 0.020 9.77± 0.30 2
χ Oph B2 Ve 5.7 3.46± 0.07 0.557± 0.011 10.5 ± 0.2 3
υ Cyg B2 Ve 4.7 1.0 ± 0.2 0.20 ± 0.04 4.5 ± 0.9 4
ζ Tau B2 IVsh 7.7 4.53± 0.52 0.618± 0.071 8.63± 0.99 1
ζ Tau B2 IVsh 7.7 3.14± 0.21 0.428± 0.029 5.98± 0.40 5
48 Per B3 Ve 6.0 2.77± 0.56 0.41 ± 0.08 7.3 ± 1.5 1
48 Per B3 Ve 6.0 2.10± 0.2 0.31 ± 0.03 5.5 ± 0.5 6
ψ Per B5 Vsh 4.7 3.26± 0.23 0.583± 0.041 13.34± 0.94 1
ψ Per B5 Vsh 4.7 4.00± 0.2 0.716± 0.036 16.36± 0.82 6
o Cas B5 IIIe 7.7 1.90± 0.10 0.409± 0.022 5.71± 0.30 7
β Psc B6 Ve 3.5 2.4 ± 0.2 0.30 ± 0.03 9.3 ± 0.8 4
κ Dra B6 IIIe 6.4 2.0 ± 0.3 0.30 ± 0.05 5.1 ± 0.76 4
η Tau B7 IIIe 8.5 2.65± 0.14 0.328± 0.017 4.15± 0.22 1
η Tau B7 IIIe 8.5 2.08± 0.18 0.257± 0.022 3.26± 0.28 8
β CMi B8 Ve 3.5 2.65± 0.10 0.131± 0.005 4.03± 0.15 1
β CMi B8 Ve 3.5 2.13± 0.15 0.106± 0.007 3.24± 0.23 8
R
γ Cas B0.5 IVe 10 0.76± 0.05 0.143± 0.009 1.54± 0.10 9
H
δ Sco B0.2 IVe 7.3 0.72± 0.08 0.11 ± 0.01 1.6 ± 0.2 10
γ Cas B0.5 IVe 10 0.82± 0.08 0.154± 0.015 1.66± 0.16 9
ζ Tau B2 IVsh 7.7 1.61± 0.05 0.220± 0.007 3.07± 0.10 11
48 Lib B3 Vsh 2.7 1.72± 0.20 0.247± 0.029 5.64± 0.66 12
Zorec et al (2007) derived a much larger opening angle in the inner disk (H &
0.5R?) from an analysis of Fe II emission lines. However, that statistics depends crit-
ically on the inclination to be known independently, which, as outlined in Sect. 3.1, is
prone to biases with current photospheric models. An enhanced scale-height, larger
than that of a pressure-supported disk in thermal equilibrium with the stellar radi-
ation field, would likely be a result of further interactions between the star and the
disk. Certainly, this is a topic that deserves further investigation (see Sect. 4.3).
5.1.2 Disk size
The physical extent of a Be disk22 is quite challenging to be determined observation-
ally. In view of the discussion in Sect. 2, a distinction must be made between the disk
physical extent and the size of the emitting region of a given line or continuum band.
Observations can only probe the latter, unless the disk is truncated by some physical
22 This quantity actually lacks a definition in the literature, and probably cannot be unambiguously
defined. See Sect. 5.4 for a possible definition.
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Table 2 Continued
Star Sp. Type R? Angular size Diameter Radius Refs.
[R] [mas] [AU] [R?]
K or K′
γ Cas B0.5 IVe 10 1.95 ± 0.07 0.367± 0.013 3.94± 0.14 13
γ Cas B0.5 IVe 10 1.24 ± 0.06 0.232± 0.012 2.50± 0.13 4
κ CMa B1.5 IVe 5.9 1.0 ± 0.3 0.20 ± 0.06 3.7 ± 1.10 14
α Ara B2 Ve 4.8 7.3 ± 2.0 0.60 ± 0.16 13.4 ± 3.7 15
α Ara B2 Ve 4.8 2.4 ± 1.1 0.2 ± 0.1 4.4 ± 2.0 14
α Ara B2 Ve 4.8 1.9 ± 1.3 0.2 ± 0.1 3.5 ± 2.4 14
ϕ Per B2 Vsh 7.0 2.30 ± 0.08 0.507± 0.018 7.78± 0.27 13
ϕ Per B2 Vsh 7.0 2.44 ± 0.2 0.537± 0.044 8.25± 0.68 4
χ Oph B2 Ve 5.7 0.86 ± 0.14 0.138± 0.023 2.61± 0.43 4
υ Cyg B2 Ve 4.7 1.21 ± 0.79 0.24 ± 0.16 5.5 ± 3.6 4
ζ Tau B2 IVsh 7.7 1.79 ± 0.07 0.244± 0.010 3.41± 0.13 13
ζ Tau B2 IVsh 7.7 1.790± 0.073 0.244± 0.010 3.41± 0.14 4
48 Lib B3 Vsh 2.7 1.65 ± 0.05 0.237± 0.007 5.41± 0.16 16
48 Lib B3 Vsh 2.7 0.84 ± 0.16 0.120± 0.024 2.74± 0.54 4
48 Per B3 Ve 6.0 0.6 ± 0.25 0.088± 0.037 1.58± 0.66 4
6 Cep B3 IVe 12.9 0.528± 0.087 0.322± 0.053 2.68± 0.44 4
p Car B4 Ve 6.0 1.1 ± 0.3 0.16 ± 0.04 2.9 ± 0.8 17
ψ Per B5 Vsh 4.7 1.03 ± 0.26 0.184± 0.047 4.2 ± 1.1 4
o Cas B5 IIIe 7.7 1.03 ± 0.17 0.222± 0.037 3.09± 0.51 4
κ Dra B6 IIIe 6.4 1.83 ± 0.11 0.275± 0.017 4.62± 0.28 13
κ Dra B6 IIIe 6.4 3.12 ± 0.75 0.47 ± 0.11 7.9 ± 1.9 4
α Col B7 IVe 5.8 1.3 ± 0.7 0.10 ± 0.06 1.9 ± 1.0 14
α Col B7 IVe 5.8 1.0 ± 0.2 0.08 ± 0.02 1.5 ± 0.3 14
o Aqr B7 IVsh 3.8 1.53 ± 0.64 0.204± 0.086 5.7 ± 2.4 4
β CMi B8 Ve 3.5 0.78 ± 0.18 0.039± 0.009 1.19± 0.27 4
ω Car B8 IIIsh 6.2 1.7 ± 0.5 0.18 ± 0.05 3.1 ± 0.9 14
8µm
α Ara B2 Ve 4.8 4.0 ± 1.5 0.33 ± 0.12 7.3 ± 2.8 17
α Ara B2 Ve 4.8 5.5 ± 0.3 0.45 ± 0.03 10.1 ± 0.6 15
δ Cen B2 IVe 6.5 4.9 ± 1.8 0.62 ± 0.23 10.3 ± 3.8 15
12µm
α Ara B2 Ve 4.8 8.1 ± 0.6 0.66 ± 0.05 14.9 ± 1.1 15
δ Cen B2 IVe 6.5 6.9 ± 2.7 0.88 ± 0.34 14.5 ± 5.7 15
ζ Tau B2 IVsh 7.7 5.7 ± 2.2 0.78 ± 0.30 10.9 ± 4.2 15
2 cm
ψ Per B5 Vsh 4.7 111± 16 19.9 ± 2.9 454± 65 18
1Quirrenbach et al (1997), 2Tycner et al (2006), 3Tycner et al (2008), 4Touhami et al (2013),
5Tycner et al (2004), 6Delaa et al (2011), 7Koubsky´ et al (2010), 8Tycner et al (2005), 9Stee et al
(2012), 10Che et al (2012), 11Schaefer et al (2010), 12Sˇtefl et al (2012a), 13Gies et al (2007),
14Meilland et al (2012), 15Meilland et al (2009), 16Pott et al (2010) 17Chesneau et al (2005),
18Dougherty and Taylor (1992)
mechanism (see Sect. 6.1) and the emitting region then really extends to the farthest
reaches of the disk. In fact, to date the physical extent of a Be disk has not yet been
unambiguously determined for any Be star.
40 Rivinius, Carciofi, and Martayan
As seen in Sect. 2, the size of the emitting region reflects the physical conditions
in the disk. OLBI currently is the only technique that provides a direct measurement
of this for optical wavelengths, but care must be taken when analyzing data from
the literature. Size estimates come from fitting the interferometric data with either
a geometrical (e.g., uniform disk, ring, flattened Gaussian, etc.) or a physical model,
and the results will depend on the model used. Also, some works remove the emission
of the central (usually unresolved) star, before doing the fit.
Table 2 lists OLBI measurements of the size of the emitting region for 22 Be stars.
To make the different determinations more meaningfully comparable, only estimates
made from Gaussian fitting are listed. This procedure provides an estimate of the total
encircled energy within a given radius. The angular size given in the table corresponds
to the FWHM of the Gaussian, which, in turn, corresponds to an encircled energy of
80% of the total energy. Fig. 2 indicates that there is a strong dependence of the size
of the disk emitting region on density. Since the density varies from star to star, and
with time for a given star, the large scatter in Table 2 is to be expected. A closer
comparison of the data with Fig. 7, panels h and i, shows that the measurements are
largely consistent with that Figure (noting that the R? given in the Table is probably
somewhat smaller than the Req used in the figure, due to oblateness effects often
not taken into account or being of unknown size in a given star, see Sect. 2.3.1).
Exceptions are ϕ Per and possibly κ Dra and α Ara (spectral types see Table 2).
For ϕ Per the estimated K′-band continuum sizes are about 50% larger than the high
density case of Fig. 7. It should be kept in mind, however, that ϕ Per is the prototype
of Be binaries with a hot companion (see Sect. 6.3), and κ Dra is a binary as well;
tidal effects and the additional radiation source may invalidate the model assumptions
(Sect. 6). In the case of α Ara the reported large K-band size may be due to issues
with the absolute calibration of the visibilities (see Sect. 5.1.5).
ψ Per remains the only star resolved in the radio domain to date. Dougherty and
Taylor (1992) fully resolved the emission at 2 cm (15 GHz) along its major axis,
giving the extent of 111±16 mas, which converts to about 450 R?.
5.1.3 Disk density
OLBI measurements of the size of the emitting region can be linked to the bulk prop-
erties of the disk gas by means of radiative transfer modeling. Historically, however,
the main source of information about the disk density has been the continuum SED,
as the continuum excess flux bears the imprint of the physical properties of the emit-
ting region (Sect. 2). First approaches to the problem (e.g., Gehrz et al 1974; Waters
1986, to cite a few) used ad hoc physical descriptions for the disk, so comparison
of the results was hampered by the different model assumptions made. We note that
the difficulty of explaining the infrared excess of Be stars with thin disks reported by
Porter (1997) has found a solution by adopting viscous models (see below).
Most recent analyses have adopted a somewhat common view of the disk as con-
sisting of material that is pressure-supported vertically (Eq. 15) and falls-off radially
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as a power law23
ρ = ρ0
(
r
R?
)−n
, (16)
therefore making comparisons more meaningful. Using a simple radiative transfer
model, Touhami et al (2011) showed that a power law + Gaussian model (for radial
and vertical density profile, respectively) could reproduce the statistical properties of
the color excesses of a sample of 130 stars. By fitting Hα profiles of 56 stars, Silaj
et al (2010) concluded that the observed line profiles were generally well reproduced.
Their determination of the density slope n showed that it is in the range of 1.5–4, with
a statistically significant peak at 3.5.
Studies for individual stars that include a simultaneous fit of more than one
observable also successfully verified the power law + Gaussian scenario. A non-
exhaustive list includes Tycner et al (2008), who modeled interferometry and spec-
troscopy of χ Oph and found n= 2.5 and ρ0 = 2×10−11 gcm−3, although they point
out that acceptable fits are also found for n = 2.5–4. These results are in good agree-
ment with the ones by Porter (1999) for the same star. Similar analysis by Jones et al
(2008b) for κ Dra, β Psc, and υ Cyg found n = 2.5, 4.2, 2.1, and ρ0 = 2× 10−11,
1.5× 10−10 and 3× 10−12 gcm−3, respectively, and comparable results were found
by Gies et al (2007)24. The Be stars α Eri, ζ Tau and δ Sco were analyzed by Carciofi
et al (2007, 2009, 2006, respectively). In their analysis, n was fixed to 3.5, and the
SED, polarization and line profiles were fitted to obtain ρ0 = 7×10−13, 5.6×10−11,
and 4.5×10−10 gcm−3, respectively.
Barring differences in the detailed methodology of the above studies and the fact
that some of the fits are not unique, the following picture emerges from the results of
this and the previous section
– Observational properties of Be stars are well described by a simple model con-
sisting of a vertical Gaussian fall-off and a radial power law;
– The base density of the disk lies in the range between about 10−12 to a few times
10−10 gcm−3.
– Radial density slopes are usually in the range 2–4, with a peak in the range 3–4.
The theoretical implications of these results will be discussed in Sect. 5.4.
5.1.4 Position Angle
The first confirmation that the polarization angle is perpendicular to the major elon-
gation axis, as predicted by scattering models (Sect 2.2), was given by Quirrenbach
et al (1997). Since polarization probes more the inner part of the disk and OLBI at
Hα the outer part, the agreement reported by Quirrenbach et al (op. cit.), and since
then confirmed by many other similar studies, indicates that there is no misalignment
between the large scale disk and the inner part. The only counterexample where disk
and polarization angle seem not to be perpendicular is 48 Per, reported by Delaa et al
23 An exception are the studies that make use of the SIMECA code (Stee and de Araujo 1994), which
employs a two-component outflowing model for the Be disk.
24 κ Dra being an exception; possible reasons for the discrepancy are discussed in Jones et al (2008b).
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(2011). However, since 48 Per is a near pole-on Be star, the intrinsic polarization
signal is very small, much smaller than the interstellar contribution, and the determi-
nation of the interferometric position angle is as well tricky for a source that deviates
little from a circular shape. A possible density wave (Sect. 5.3) could further compli-
cate the picture. A careful independent confirmation of that result would be required.
The position angle of the disk, as measured by either polarization or interferome-
try, has not been reported to vary in most stars, but some exceptions are known. The
most striking of these exceptions are associated with the Be⇔ shell phase transitions,
that have so far been observed in three stars only, γ Cas (B0.5 IV), Pleione (28 Tau,
B8 V), and 59 Cyg (B1.5 V). In γ Cas these transitions were observed only in the first
half of the 20th century and in 59 Cyg they ceased before the advent of electronic
detectors (Underhill and Doazan 1982, p. 325ff), but in Pleione they are ongoing.
The most recent transition Be⇒Shell took place in 2006 (Tanaka et al 2007), after
the Shell⇒Be transition in 1988. During this entire time, the system has been mon-
itored polarimetrically (Hirata 2007) and the polarization position angle was found
to change dramatically, from about 60◦ in the last shell phase to about 130◦ in 2003.
These variations were suggested by Hummel (1998) to be due to the precession of
a disk, e.g., under the influence of a misaligned binary orbit. Indeed, all three stars
are known binaries. Hirata’s result is in good agreement with this. We note that in
Hirata’s picture (op.cit., Fig. 2) shell phases occur twice per cycle, i.e., the full pre-
cession takes 80 years. Martin et al (2011) worked out a theoretical framework for
the precession and obtained about 45 years as tidal time scale in Pleione.
Less strongly changing position angles have been found to be related to mass
transfer into the disk and V/R cycles, and are discussed in the respective parts of this
work (Sects. 4.1.3 and 5.3.2).
5.1.5 Above the Disk
Regardless of remaining uncertainties, the result that Be stars indeed have disks was a
breakthrough also in the sense that many older observations, which were understood
differently for different circumstellar geometries, could now be interpreted on a firm
basis. This was particularly true for IUE data. For instance Grady et al (1987, 1989)
report a correlation of the stellar wind features in Be stars with vsin i. Already then
this was suggested to be an inclination dependence, but only with the disk picture
being established was this conclusion confirmed. The details found by Grady et al
are still relevant for current work:
– Low vsin i Be stars (≤ 150kms−1) have winds similar to non Be stars.
– Intermediate to high vsin i Be stars have stronger winds than similar B-type stars,
but only when they actually are in Be phases (see the example of ϑ CrB reported
in 5.3.1).
– The excess wind absorption over the winds of normal main sequence B stars is
almost exclusively in the form of discrete components. The respective strongest
discrete components, in terms of velocity normalized to C IV blue edge velocity
of P Cygni absorption, are distributed in three distinct classes:
– At zero velocity. These are mostly the UV-equivalents of shell lines.
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Fig. 11 Occurrence of wind superionization in supergiants (hatched black) and active Oe/Be stars
(hatched red) vs. the photospheric occurrence in main sequence stars (hatched blue). Figure adapted from
Kogure and Hirata (1982)
– At around 20% of the edge velocity.
– At around 80% of the edge velocity. This is similar to discrete absorption
components observed in non-Be stars.
– When present, the excess wind in Be stars is seen over the entire spectral range,
i.e, in much later subtypes than winds are normally observed in main sequence B
stars, more similar to B-type supergiant winds (see Fig. 11).
Given that Be star winds when not in Be phases are normal B star winds, and in
Be phases show enhanced density, but are still radiation driven, there is no reason
to postulate an additional mechanism, i.e., beyond the one acting in B stars, around
a Be star or above the disk in a Be phase to explain superionization of species like
C IV and Si IV (Sect. 2.3). Rather, the observed distribution of superionization vs.
normal B main sequence and B supergiant stars (see Fig. 11) may provide constraints
for the interaction between disk and wind: superionization is meanwhile understood
as being produced by shock-induced X-rays (see Sect. 6.1 of Puls et al 2008). The
enhanced winds at intermediate inclinations are probably due to disk ablation, i.e., the
source of material for the enhanced wind outflow is likely the disk, and not directly
the star (see, e.g., the correlation reported by Telting and Kaper 1994). Other than by
an erosive process on the surface of the disk, observationally shown to be present but
not yet further constrained, a viscous disk can be dissipated by either re-accretion or
material crossing the critical radius outwards. Both is discussed in Sect. 5.4.
The first point in the above list is as well worth emphasizing in terms of circum-
stellar geometry: From the point of UV-observations, highly sensitive to additional
absorbers between the star and the observer, there is no evidence for a noticeably
enhanced stellar wind at polar latitudes.
This is at variance with interferometric reports of polar winds above two Be stars,
α Eri and α Ara (Kervella and Domiciano de Souza 2006; Meilland et al 2007b).
These observations were taken in the H- and K-band continuum, contributing up to
5% of the flux and opening angles of some ten degree (Kanaan et al 2008; Stee 2011).
In the case of α Eri the observations were taken in an almost diskless state, so that
the suggested wind might be unrelated to the presence of a disk.
The report on α Ara may have been triggered by a problematic absolute cali-
bration of the data, which is known to be a difficult task. For instance, the original
estimate of the K-band continuum size of Meilland et al (2009), that used the same
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data as Meilland et al (2007b), was 7.3±2.0 mas, while a more recent determination
by the same group, using different data, is 1.9±1.3 mas (Table 2). According to Stee
et al (2012), “this star was observed eleven times in low resolution mode in 2007 but
the data quality was too low to obtain more than an estimate of the disk extension.”
An improperly calibrated visibility can easily introduce biases in the model fitting.
The α Eri data, however, did not suffer from such calibration issues, and the star
certainly deserves further observational and theoretical investigation to clarify polar
winds above Be stars.
5.2 Kinematics
Since the earliest detections of Be stars it was clear that a flattened rotating struc-
ture offered the most natural explanation for the observed double peak of emission
lines. Once the disk picture became established, the kinematics needed to be con-
strained, and this was an open issue until recently. The fashion the disk rotates bears
the imprint of its formation mechanism; therefore, determining the disc kinematics
observationally is of great importance.
5.2.1 Disk Rotation
Over time, three distinct cases for the disk kinematics were under consideration, as
well as mixed forms. Firstly, in a line-driven wind off a rotating star, the dominant
force on the material is the radially directed radiation pressure that does not exert
torques. In such a flow, the specific angular momentum of the material is conserved,
which means the azimuthal velocity, vφ , falls as the inverse of the distance to the
star. Secondly, in a Keplerian velocity field, in which vφ ∝ r−1/2, the specific angu-
lar momentum grows with radius as r1/2. So, for example, material that is ejected at
the stellar photosphere must have its specific angular momentum doubled in order to
reach an orbit of 4 R?. This change in the specific angular moment requires a torque,
such as can be provided by viscous shear (Sect. 5.4). Note that in a Keplerian disk
with circular orbits the radial velocity, in the frame of the star, is zero. Finally, an-
other limiting case for the disk velocity field is the case of plasma trapped by strong
magnetic fields and forced to corotate with the star, in which case vφ ∝ r.
This case is actually the one most easily disproven, because an increase of the
azimuthal velocity leads to entirely different shapes of emission and shell lines than
actually observed (seen, e.g., in stars like σ Ori E Landstreet and Borra 1978). For
the first two cases, however, the line shapes can be very similar to each other (see for
instance Hummel and Vrancken 2000).
Theoretical evidence that the disk must be Keplerian came from V/R variations,
attributed to a precessing one-armed density wave (Okazaki 1991; Papaloizou et al
1992). The fact that the precession periods are two orders of magnitude larger than
the orbital period of the disk particles (years vs. days) imposes that, in order for the
modes to survive, the radial motions must be quite small, as non-Keplerian motion
would render the oscillation modes unstable (Sect. 5.4.3). This requires a potential
with only minor deviations from a ∝ 1/r shape.
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Unambiguous observational determination of the kinematics from spectroscopy is
generally difficult, as demonstrated by Hummel and Vrancken (2000), but shell stars
do provide strong evidence for near-Keplerian rotation: The central quasi-emissions
observed in some Be-shell stars (Rivinius et al 1999) can only occur if the radial
velocity component is smaller than a few kms−1 (Hanuschik 1995). The same con-
clusion is drawn from the radial velocities of sharp metallic absorption lines in shell
stars not undergoing V/R variations (Rivinius et al 2006).
Spectrally resolved interferometry and spectroastrometry of emission lines finally
confirmed Keplerian rotation (Meilland et al 2007b; Delaa et al 2011; Kraus et al
2012; Wheelwright et al 2012). The report of a possible exception, for the star κ CMa,
relied on medium resolution data (Meilland et al 2007a). Further analysis using high-
resolution data, however, found the disk to be Keplerian, along with a number of
other Be stars (Meilland et al 2012).
5.2.2 Evidence for Non-Circular Motion
If the disk is axisymmetric and Keplerian, it follows that the orbits are necessarily cir-
cular; a Keplerian disk with non-circular orbits would have azimuthal asymmetries
because density maxima would be found at apastron, due to the slow orbital veloc-
ities, and minima at periastron, for the converse reason. Such a scenario is thought
to occur in the global oscillation modes present in some Be stars (Sect. 5.4.3). A
corollary is that for stars undergoing such V/R variations, there will always be some
non-zero velocity component projected in the line of sight towards the observer in
front of the star. This has been observed in many shell stars, ζ Tau and 48 Lib being
well-studied examples. Fig. 3 of Sˇtefl et al (2009) and Fig. 3 of Sˇtefl et al (2012a)
illustrate the rich phenomenology of shell lines observed across V/R cycles and asso-
ciated with strong (several tens of kms−1) projected radial motions. For 48 Lib there
is another interesting observation by Hanuschik and Vrancken (1996), who report on
distinct narrow components in shell line absorption cores, varying in radial velocity
on time scales of less than a day.
5.3 Disks as Dynamical Structures
The Keplerian orbital period increases with radius as r3/2. So, if at the stellar equator
the disk material has an orbital period of typically 1 d, this increases to about 30 d at
r= 10 R? and 1000 d at r= 100 R?. From this simple time scale consideration one can
associate short-term variations to the photosphere proper (Sect. 3) or the immediate
vicinity of the star (Sect. 4), and variations with longer periods to the disk as a whole.
Exceptions to this are short-term variations caused in the outer disk by the periastron
passage of a secondary (e.g., Sˇtefl et al 2012b; Che et al 2012) and in the wind UV
lines, the latter being due to the large bulk velocity of the wind material vs. the small
spatial region where the absorption is formed. Below we focus on two aspects of
the variability associated with the bulk of the disk. Sect. 5.3.1 discusses how the
disk changes in response to a varying disk-feeding rate, and Sect. 5.3.2 reviews the
observational characteristics of the cyclic V/R variations.
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5.3.1 Disk Growth and Decay
Many Be stars are known to possess very stable disks for very long times (e.g., ζ Tau
B2 IV, 1 Del A1, α Col B7 IV, β CMi B8 V), which indicates these disks are fed
at nearly steady rates. Numerous examples exist, on the other hand, in which the
dissipation of a pre-existing disk is observed as a gradual disappearance of emission
lines, continuum polarization, and visible and infrared excesses. The dissipation is
thought to occur as a result of the mass loss from the star being turned off. Examples
of well-documented cases are the disk dissipation of pi Aqr (B1 V) between 1986 and
1996 (Wisniewski et al 2010; Draper et al 2011) and the transition, seen for ϑ CrB,
between a strong shell spectrum from the late 1970’s to one of a B star towards
the end of 1980 (Doazan et al 1986). The disk dissipation of ϑ CrB (B6 V) offers
evidence for the connection between the disk and the wind, since the UV shell lines
were strong during the disk phase, fading in the course of 1981 and finally vanishing
in early 1982.
Conversely, there are cases in which a B star, which has never been known to
possess a disk in the past, suddenly builds a disk, δ Sco (B0.2 IV) being a spectacular
recent example. Here, the Be phenomenon must have been turned on by some mech-
anism. Disk build-up from scratch is well documented for a number of Be stars, for
instance in the case of ω Ori (B3 III) in the early 80’s by Guinan and Hayes (1984)
and Sonneborn et al (1988), who observed it as well polarimetrically.
In between the limiting cases of clear-cut disk growth/dissipation, most stars dis-
play either a very irregular variability, alternating periods of disk growth with disk
dissipation, or, what is more rare, a quasi-cyclic variability, ω CMa (B2 V) being the
best-studied example of such behavior (Sˇtefl et al 2003a). On top of the large-scale,
long-term variation there is often short-term “flickering activity”, characterized by
small scale variability in photometry, polarization and also in emission lines with
time scales from days to weeks. This flickering activity was observed, for instance, in
µ Cen (B2 V), with a variety of different techniques (Hanuschik et al 1993; Rivinius
et al 1998a). This variability is characterized by a sudden increase of light or line
emission over just a few days, followed by a decay back to the ground state over up
to a few weeks.
Stars monitored spectroscopically during the disk dissipation phase show evi-
dence of inside-out clearing (Rivinius et al 2001, and references therein). What is
observed, mainly in the optically thin metal and helium lines, is a gradual disap-
pearance of the high velocity components of the line, which indicates that the high
velocity material close to the star has been partially depleted, though it can be replen-
ished by a subsequent outburst. The suggestion that this was due to the formation of
an inner ringlike void, however, is inadequate, as this would be dynamically unstable
in a viscous disk.
It has often been observed that the late type Be stars are less variable than early
type ones. Depending on the definition of early vs. late and observational technique
and thresholds used to define variability, between 45% and 98% of the early type
Be stars are variable, but only 29% to 46% of the late type Be stars (photometry:
Hubert and Floquet 1998 98%/45%; Hα spectroscopy: Jones et al 2011 45%/29%
and Barnsley and Steele 2013 84%/46%).
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Fig. 12 Color and magnitude variation for four SMC Be stars. Upper row: MACHO 23.4148.53 (a) and
17.2109.68 (b), showing brightening. Lower row: MACHO 17.2594.208 (c) and 77.7427.129 (d), showing
dimming. The temporal sense of the color changes is indicated by arrows. Plotted similarly as by de Wit
et al 2006, with data provided by S. Keller
Some examples of disk formation and dissipation are shown in Fig. 12. For the Be
star MACHO 23.4148.53 (panel a), a disk formed after several years of quiescence,
giving rise to an excess in the R-band of 0.6 mag. The brightening can be explained
in terms of the growth of the R-band pseudo-photosphere as the density grows. The
disk stayed stable for about 2 years then and slowly declined. A similar behavior was
seen for MACHO 17.2594.208 (panel c), but in this case the disk growth causes a
dimming in the lightcurve as a result of obscuration of photospheric light by a disk
seen close to edge-on (see below). MACHO 17.2109.68 and 77.7427.129 (panels b
and d) offer examples of quasi-cyclic behavior, similar to what is seen for ω CMa.
Harmanec (1983) studied contemporaneous observations of Be stars and found
two classes of correlations between photometric and spectroscopic features
– Positive correlation: the stronger the H I line emission, the brighter the star in the
Paschen continuum (up to 0.5 mag in V ), the larger (redder) B−V and the smaller
(bluer) U−B.
– Negative correlation: the stronger the H I line emission, the fainter the star (up to
0.3 in V ), the larger B−V and the larger U−B,
Positive correlations are associated with Be stars (not seen edge-on) and the negative
correlations with shell stars. For the pole-on case, the positive correlation is quite ap-
parent in Fig. 12: as the star gets brighter, its V−R increases by more than≈ 0.1 mag.
The case is not so clear for the edge-on stars, which, according to Harmanec should
also get redder as the star dims owing to a progressively denser disk. What is observed
in Fig. 12 is a downward movement in the color-magnitude diagram, meaning that
the star is not significantly changing color. Harmanec (1983)’s correlations were dis-
cussed in Haubois et al (2012) who argue that the large change of color of some shell
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stars reported by Harmanec (1983) might actually be governed by other phenomena,
such as V/R-cycle related changes, rather than by the mass injection. Haubois et al
(2012) suggest that the change of B−V for shell stars is of rather small amplitude
only.
Recent hydrodynamic models show that the observed disk variability of Be stars,
associated with the secular process of disk growth and dissipation due to mass injec-
tion, are naturally explained by a viscous disk (Sect. 5.4).
5.3.2 Cyclic Violet-to-Red Peak Height Variations
The observational properties of the cyclic V/R variations were reviewed and summa-
rized by Okazaki (1991). The most relevant parts of his summary are quoted below,
supplemented with some more recent findings
1. V/R periods range from years to decades, with a statistical mean of about 7 years,
which is thousands of times longer than the rotation period of the star and hun-
dreds of times longer than the typical disk orbital periods.
2. Periods are not sensitive to the spectral types of the central stars.
3. Cycle lengths are not constant, but vary from cycle to cycle (Sˇtefl et al 2009;
Ruzˇdjak et al 2009).
4. The profile as a whole shifts blueward (redward) when the red (blue) component
is the stronger.
5. V/R variations of binary shell stars suggest that for some of them the variability is
phase-locked to the orbital motions (Sˇtefl et al 2007), but for others this behavior
is not seen (see Sect. 6.1).
6. A peculiarity of some shell stars with V/R variability is the appearance of Hα pro-
files with three peaks (or possibly an additional, non-central absorption), whose
occurrence seems restricted to a narrow phase interval, more specifically when
V ≈R in the transition from V <R to V >R (Sˇtefl et al 2009, see as well Sect. 6.1).
7. V/R phase lags between different lines in the optical have been observed for some
stars. Recently, these phase lags have also been detected in infrared lines (Wis-
niewski et al 2007b).
8. Studies of UV lines (Doazan et al 1987; Telting and Kaper 1994) find a posi-
tive correlation between the V/R variability in emission lines and the presence of
discrete absorption components (DACs) in the UV spectra.
In addition to the above spectroscopic characteristics, McDavid et al (2000) presents
evidence of a V/R phase locked variation of the linear polarization, with a 2:1 period
ratio, for the stars ζ Tau and 48 Lib. However, no correlation between the brightness
and V/R was found in ζ Tau by Ruzˇdjak et al (2009). Using both own data and a
compilation from the literature, Schaefer et al (2010) found that the interferometric
position angle of ζ Tau varies with a semi-amplitude of 8.1±1.7◦ (Fig. 14d). Since
the polarimetric position angle seems to be stable (Sˇtefl et al 2009), this suggests that
the changes of the disk geometry, as seen by interferometry, are confined to the outer
parts of the disk. The above observational features will be confronted with the theory
of one-armed global oscillations in Sect. 5.4.3.
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5.4 Disk Scenarios and Physical Models
After disks became generally accepted in the nineties, models were put forward to
explain the disk formation, conceptually viewed as line-driven outflows becoming
equatorially enhanced due to the rapid stellar rotation (Bjorkman 2000). However,
because a Keplerian velocity law requires transport of angular momentum, Keplerian
disks cannot be driven by radial forces since they exert no torque25. Out of the models
proposed, the one that offers an explanation for angular momentum transport and nat-
urally leads to a Keplerian velocity field was the viscous decretion disk (henceforth
VDD) model of Lee et al (1991). In the past decade this model was further developed
theoretically and was compared to observations by different groups. This section re-
views the structural information predicted by this model and the efforts in modeling
the observational features reviewed in the previous sections.
5.4.1 Steady-State Viscous Disks
The basic hydrodynamics of a VDD are the same as viscous accretion disks around
young stellar objects (YSO, Balbus 2003; Pringle 1981; Shakura and Sunyaev 1973),
except that the sign of the rate at which mass flows through the disk, M˙, is opposite:
a negative sign denotes accretion while a positive one means decretion. Typically,
accretion models assume a torque free inner boundary (i.e., accretion is allowed on
to the central object) whereas in a decretion disk the inner boundary prevents inward
flow by assuming a source of matter at Keplerian angular velocities at the disk inner
rim. Here lies an important difference between YSO and Be disks: in the first, while
being quite variable, matter is always flowing outside in; Be disks, on the other hands,
can become accretion disks once the Be phenomenon is turned off and the torque
exerted at the inner rim vanishes. (Sect. 5.4.2).
Several authors studied viscous decretion disks fed at a constant rate (Bjorkman
1997; Porter 1999; Okazaki 2001; Bjorkman and Carciofi 2005; Krticˇka et al 2011)
and the solutions agree in their essentials. Assuming that 1) the gas is isothermal, 2)
the pressure gradient term in the fluid equations is small compared to gravity, so that
the gas orbits the star with circular orbits and Keplerian velocities, it is possible to
obtain an analytical solution for the surface density 26 vs. the distance from the star
(e.g., Bjorkman and Carciofi 2005)
Σ(r) =
M˙vorbR
1/2
?
3piαcs2r3/2
[(
R0
r
)1/2
−1
]
. (17)
Here R0 is an arbitrary integration constant, associated with the size of the disk, and
α relates the kinematic viscosity, ν , with its characteristic velocity and vertical size
scale: ν = αcsH (Shakura and Sunyaev 1973). Note that Eq. (17) further assumes
that α is constant throughout the disk. In the inner disk (r R0), the surface density
has a simple power law dependence with radius, Σ(r) ∝ r−2.
25 Close to the star there are non-radial components to the radiative force vector (see Bjorkman 2000,
for a discussion).
26 The surface density is defined as the vertically integrated disk density, ρ: Σ(r) =
∫ ∞
−∞ ρ(r,z)dz.
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Fig. 13 Structure of a steady-state VDD. Upper left: Okazaki’s (2001) calculation of the disk density ρ
normalized to the value at the base of the disk, radial expansion velocity, vr , in units of the local sound
speed cs and azimuthal velocity, vφ , in units of the orbital speed at the base of the star, vorb. The solid
blue lines are for α = 1 and the dashed lines are for α = 0.1. Upper right: Electron temperature along the
disk midplane, computed with HDUST. Curves are labeled according to their base density ρ0 in gcm−3.
The dashed lines represent a fit of the temperature fall-off with a thin re-processing disk, Eq. (21), for the
lowest and highest densities. Lower Left: Temperature map of the disk (vertical cut) with a base density of
ρ0 = 1×10−10 gcm−3, computed by Halonen and Jones (2013). Lower Right: Sigut et al (2009) calculation
of the scale height of a non-isothermal hydrostatic VDD, compared with the corresponding isothermal
values in the temperature range of 8000 K to 20 000 K
If assumption 2 above is relaxed (i.e., the φ -component of momentum is explicitly
solved), an analytical solution is no longer available (Okazaki 2001; Krticˇka et al
2011). In this case, numerical results show two distinct regimes for the disk
– subsonic inner part, for which the radial velocity vr cs. In this part, the surface
density is nearly a power law, the azimuthal velocity is nearly Keplerian and the
radial velocity grows linearly with radius (Fig. 13a). The near-Keplerian rotation
follows from the fact that gravity is the dominant force and the radial velocity is
small, so the gas orbits the star in nearly closed circular orbits.
– transonic outer part, for which vr & cs. In this part, the surface density becomes
much steeper, as a result of larger outflow velocities, and the azimuthal velocity
is no longer Keplerian, but angular momentum conserving.
The critical point, Rc, which marks the transition between these two regimes,
occurs roughly when the orbital velocity is ≈ cs. The distinction between the two
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regimes has an important physical meaning: In the inner part the flow is driven by
viscosity but for r > Rc gas pressure overcomes gravity and becomes the mechanism
that supplies the radial acceleration. As a result, after the critical point the specific
angular momentum no longer grows with radius. For an isothermal disk, Rc is given
approximately by (Krticˇka et al 2011)
Rc
R?
=
3
10
(
vorb
cs
)2
. (18)
Typical values for Rc are about 430 R? for a B9 V star and 350 R? for a B0 V. These
regions can only be probed at radio wavelengths (Eq. 1). Indeed, a steeper spectral
slope in the radio (Waters et al 1991) has been interpreted as due to either a truncated
disk or changing conditions in the outer disk. An analysis of radio data with current
Be disk models must still be carried out to settle this issue.
Evolutionary models (Sect. 3) suggest that the outer layers of B stars spin up dur-
ing the main sequence evolution. Since the rotation rate cannot grow beyond critical
rotation, the excess angular momentum must be shed somehow. If W˙ denotes the
spin up rate of the star, the mass loss rate to maintain critical rotation is (Krticˇka et al
2011)
M˙ =
I
R2?
W˙
W
(
R?
Rout
)1/2
, (19)
where I is the stellar moment of inertia and Rout represents the radius up to which
angular momentum is transported. In an isolated star, Rout ≈ Rc (see above), but in
a binary system (Sect. 6) the angular momentum is transferred from the disk to the
binary system at the so-called truncation radius27. So, depending on the binary pa-
rameters, Rout can be much smaller than Rc, and a larger mass loss rate is needed to
shed the excess angular momentum in this case. The value of Rout has, thus, implica-
tions on both the mass loss evolution and the mechanism behind the Be phenomenon
itself.
The mass loss of a steady-state system is quite difficult to determine observation-
ally. Even though the density scale of the disk is something easily obtainable from
observations, M˙ cannot be known unless α is known or some information about the
outflow velocities is available. Direct measurement of the outflow velocity is not a
simple task, however, given that close to the star it is several thousand times smaller
than the orbital velocities.
The disk mass density can be calculated from the surface density, recalling that
the conservation of z-component of momentum implies hydrostatic vertical equilib-
rium. In the isothermal case
ρ(r,z) =
Σ√
2piH(r)
exp
[
−1
2
(
z
H(r)
)2]
, (20)
where the scale height is given by Eq. (15). The radial fall-off of the density is ρ ∝
Σ/H ∝ r−3.5, which gives a physical basis for using Eq. (16) for Be disks. It should
27 “Truncation radius” seems an unfortunate expression because the disk does not cease to exist past that
radius.
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be noted that an index of n = 3.5 is the minimum value required for an outflowing,
isothermal VDD (Porter 1999). In other words, an isothermal VDD should always
have a density slope of 3.5 or larger. This is at odds with the results shown in Sect. 5.1
that suggest that many disks possess less steep density slopes. Here, non-isothermal
effects (see below), non-constant disk feeding rates (Sect. 5.4.2), and binary iterations
(Sect. 6) may play a role in creating a more complex radial behavior for the density.
Millar and Marlborough (1998, 1999) first studied the energy-balance problem
in Be disks to determine the disk temperature. Since then, several other studies, with
progressively more detailed calculations (Jones et al 2004; Carciofi et al 2006; Sigut
and Jones 2007; Carciofi and Bjorkman 2008; McGill et al 2011, 2013), showed that
Be disks can be quite non-isothermal, at least in the dense part close to the star. An
example of the temperature structure is shown in Fig. 13b for three disk densities. The
temperature initially falls quickly, reaching a minimum whose position depends on
the density, and then rises back to a value of about 60% of Teff. Carciofi et al (2006)
showed that the initial decline is well represented by an infinitesimally thin, flat (i.e.,
not flared) re-processing disk (Adams et al 1987)
Tflat(r) =
T?
pi1/4
[
sin−1
(
R?
r
)
− R?
r
√
1− R
2
?
r2
]1/4
, (21)
where T? is the temperature of the radiation that illuminates the disk. This shows that
the inner part of the disk is very optically thick to photoionizing radiation. The point
where the temperature departs from the above curve correlates well with the vertical
electron scattering optical depth, meaning that the temperature stops falling because
the disk becomes vertically optically thin. Thus, as the density of the disk increases,
the point where the temperature departs from the above curve moves further out into
the disk (Fig. 13b). Figure 13c shows a 2-D map of the temperature, indicating that
the upper layers of the disk are nearly isothermal.
Because the viscous torque depends on the sound speed (Bjorkman 1997), viscous
diffusion depends on the disk temperature. This problem was studied by Carciofi and
Bjorkman (2008) by solving the energy balance and viscous diffusion. This represents
an intricate problem, since while the disk temperature controls the geometry (via
hydrostatic equilibrium and viscous diffusion), the geometry itself determines the
disk heating, and therefore the temperature. Typically, the effects of non-isothermal
viscous diffusion is that the density slope is smaller than 3.5 where the temperature
gradient is negative and larger than 3.5 where the temperature gradient is positive.
The non-isothermal structure also affects how the disk flares. The initial fast decline
of the temperature actually prevents the disk from flaring; on the other hand, the fast
rise of the temperature once the disk becomes optically thin causes the disk to flare
quite dramatically. This is illustrated in Fig. 13d, which shows calculations carried
out by Sigut et al (2009).
It should be noted that the above model is only applicable to disks that were fed
steadily for a long time (a generalization of the VDD for time-dependent calculations
is presented in the next section), and where α is constant in time and across the disk.
The case of ζ Tau is particularly emblematic. This star underwent a long and well-
documented period in which the average properties of its disk remained essentially
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Fig. 14 Observations and models for ζ Tau. Upper row: Density perturbation pattern of the global oscil-
lation model from above the disk; projected onto the plane of the sky; and the modeled continuum intensity
image at 2.16µm. Middle row: Changes of the interferometrically measured disk position angle vs. the Hα
V/R phase; the observed SED (black) vs. model (blue) and pure photospheric stellar SED (red); and the
observed linear polarization (black) vs. modeled (blue). Lower row: Observed V/R oscillations vs. model
for Hα (black) and Brγ (red). Panel d adapted from Schaefer et al (2010), all others from Carciofi et al
(2009)
constant (Sˇtefl et al 2009), thus being an ideal testbed for the steady-state VDD the-
ory. In addition, it is a well-known single line binary, so it is reasonable to assume that
the disk is truncated at the tidal radius of the system (Sect. 6). Therefore, neglecting
second order truncation effects, theory predicts that the disk should have a power law
density fall-off with n = 3.5 up to the truncation radius, and, therefore, the only free
parameters are the disk density scale and inclination angle. Using this two-parameter
model, Carciofi et al (2009) were able to successfully fit the SED from the visible
to the far infrared, the linear polarization and the spectral line profiles of H I lines
(Fig. 14).
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Fig. 15 Examples of the disk evolution for different dynamical scenarios computed by Haubois et al
(2012). Upper left: Density evolution of a disk fed at a constant rate, starting from a disk-less state (α =
0.1). Upper right: Density evolution of a disk decaying from a fully developed state after disk feeding has
ceased (α = 0.1). Middle left: Density evolution of a decaying disk into which mass feeding is restarted
at epoch 0. Middle right: V - and K-band light curves for a disk scenario with periodic feeding, active
every other year for one year, here from t = 8 to 9 yr. Pole-on (i = 0◦) and edge-on (i = 90◦, i.e., a shell
star) cases are shown. Bottom left: Color-magnitude diagram for a disk growing steadily (panel a), then
decaying (panel b) for near pole-on and edge-on cases. Bottom right: As panel e, but color-color diagrams
5.4.2 Dynamical Viscous Disks
Since variability is the rule rather than the exception for Be disks, steady-state models
are only applicable to few systems. In this section we confront the observed time-
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variability features of Be disks (Sect. 5.3) with recent dynamical viscous decretion
models.
The time-dependent viscous diffusion problem was examined by several authors.
Okazaki (2007) points out that a decretion disk never actually experiences steady
state: it either grows or decays. However, it can be shown that a disk subject to a
constant mass injection rate, even though steady state is never physically realized,
tends to an asymptotic value when time goes to infinity. Jones et al (2008a) presented
self-consistent solutions for the 1-D viscous diffusion problem taking into account
non-isothermal effects. The asymptotic solution for disk growth is qualitatively con-
sistent with the non-isothermal steady-state calculations of Carciofi and Bjorkman
(2008). They also obtain, from first principles, a velocity field that deviates little from
Keplerian (< 1%) within 20 R? or so.
The observed properties of Be disk variability (Sect. 5.3) are controlled by two
different time scales (Haubois et al 2012): τin, time scale for the variability of the
mass injection into the disk, related to the rate of stellar mass ejection events and
the length of these events, and, τd, time scale for the disk to redistribute the injected
material, which depends strongly on the disk volume considered: it is very short in the
inner disk (days to weeks) and much longer for the outer disk. The temporal evolution
of a given system will depend on an often complicated interplay between these two
time scales. More specifically,
1. If τin τd of the inner disk, no significant observable effects should be produced.
2. If τin  τd one can envisage two distinct limiting cases: the creation of a new
disk fed at a constant mass injection rate and the dissipation of a pre-existing disk
after the Be phenomenon is turned off.
3. If τin ∼ τd there will be a complex interaction between the two competing time
scales.
Haubois et al (2012) studied idealized dynamical scenarios to describe the disk be-
havior under conditions 2 and 3 above. The main results are summarized below.
– Disk growth: In a forming disk fed at a constant rate, the density grows with
time in the entire disk but at a rate that varies strongly with radius: the inner
parts approach the steady-state values much faster than the outer parts. Initially,
the slope of the density is very steep ( 3.5), asymptotically reaching the steady-
state value of 3.5 (Fig. 15a). For the most part the density cannot be approximated
by a power law.
– Disk dissipation: Starting from a pre-existing disk, when the Be phenomenon is
turned off, the disk is no longer provided with mass and angular momentum by
the star and quickly assumes a dual behavior in which the inner part reaccretes
back onto the star while the outer part decretes outwards. These two regions are
separated by a stagnation point, where the radial velocity is zero. The stagnation
point moves away from the star with time (Fig. 15b). In the decreting part, the
power law index of the density is about 3.5, whereas in the accreting part the slope
goes from 3.0, which is the value for a steady-state accreting disk, to negative
values closer to the star.
– Role of α: In the above limiting cases α acts simply to scale time up and down,
i.e., a forming disk with α = 1 grows strictly 10 times faster than for α = 0.1.
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Fig. 16 Dynamical viscous models. Fit of the dissipation phase of ω CMa after the 2002 outburst. Visual
observations are shown in comparison to model fits for different values of α (Carciofi et al 2012). The
inset shows the reduced chi-squared of fit for different values of the viscosity parameter α
– Periodic scenarios: In case 3 above, for which τin ∼ τd, the surface density can be
a quite complicated function of radius and time. In the case of periodic scenarios,
for instance, the details of how the surface density varies with time and radius
depends very much on α , the cycle length and the duty cycle. An example of a
periodic case is shown in Fig. 15c.
As outlined in Sect. 5.3, studies find disk density slopes in the range 2–4. The prop-
erties of dynamical viscous disks offer an additional explanation for this scatter, as
decretion phases are associated with steeper slopes (n > 3.5) and accretion phases
with flatter ones (n< 3). Furthermore, the slope varies wildly with distance from the
star, and thus any determination of the index will be sensitive to the wavelength for
which it is determined. Finally, the combination of dynamical and non-isothermal
effects will likely result in even more complex density structures than predicted by
isothermal models (Jones et al 2008a).
Examples of theoretical V -band lightcurves and color-magnitude diagrams are
shown in Fig. 15d to f for both edge-on and pole-on-on viewing. A comparison be-
tween these curves and the ones shown in Fig. 12 indicates that both model and theory
agree in that the time scales for disk growth are much shorter (3–4 times) than the
time scales for disk dissipation. This comes from the fact that during disk growth the
time scales involved are set by the matter redistribution within a few stellar radii only.
At disk dissipation, the time scales are controlled by re-accretion from a much larger
area of the disk.
A comparison between the VDD theory and a time-varying system has been done
for just one star to date. Carciofi et al (2012) studied the disk dissipation of ω CMa
that occurred between 2003 and 2008, after an outburst that began in 2001 and lasted
for more than two years. The agreement between the dissipation curve and the model
constitutes a quantitative test of the VDD theory. The fit of the observations (Fig. 16)
provided the means to measure the viscosity parameter in the disk of ω CMa (α =
1.0± 0.2). The authors concluded that this large value of α “provides an important
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clue about the origin of the turbulent viscosity, suggesting that it likely is produced
by an instability in the disk whose growth is limited by shock dissipation.” This study
allowed as well to determine a disk feeding rate of M˙ = (3.5±1.3)×10−8 Myr−1,
which is at least one order of magnitude larger than the observed wind mass loss rate
of B stars Puls et al (2008). This may imply that the stellar wind is not the mechanism
responsible for the Be phenomenon.
5.4.3 Global Oscillation Models
Starting from the original ideas of Kato (1983), who studied the existence of global
waves in Keplerian accretion disks, Okazaki (1991) proposed that the cyclic long-
term V/R variations observed in Be stars were caused by global disk oscillations. In
this initial formulation the predicted motion of the modes was retrograde. An impor-
tant contribution was made by Papaloizou et al (1992), who showed that the inclusion
of a quadrupole potential due to a rotationally flattened star offers a more natural ex-
planation of the observed periods. Such potential induces the prograde precession
of the line of apsides of elliptical orbits. Since the precession period increases with
the distance from the star, the result is a spiral pattern in the disk with m = 1 (e.g.,
Fig. 14a).
In this model, a density asymmetry between the approaching vs. receding sides of
the disk causes the different heights of the line emission peaks (V/R 6= 1, Sect. 2.3).
In addition, the spiral shape of the predicted density waves in viscous disks hinted
that the model could offer a natural explanation for the observed phase lags between
the higher and lower Balmer lines (item 7 of Sect. 5.3.2), due to the different forma-
tion loci of emission lines. Further observational support for this theory came, e.g.,
from spectroscopic, photometric, and interferometric evidence for prograde motion
(Telting et al 1994; Mennickent et al 1997; Vakili et al 1998).
It was generally expected that the modes should be confined to the inner part of
the disk. Okazaki (1997) showed that the large disk temperature in early type stars
would prevent the confinement mechanism proposed by Papaloizou et al (1992). In
an attempt to achieve such confinement, Okazaki employed an ad-hoc radiative force
due to an ensemble of optically thin lines. Papaloizou and Savonije (2006) suggested
that no radiative force is necessary to obtain prograde confined modes in hotter disks
if there is an inner hole between the disk and the photosphere. More recently, Ogilvie
(2008) solved the mode confinement problem taking into account previously ignored
three-dimensional effects that caused an oscillatory vertical motion in the eccentric
disk. Ogilvie’s model allowed the confinement problem to be solved “without intro-
ducing uncertain radiative forces or modifying the inner boundary condition”.
Spectrointerferometric data of ζ Tau provided evidence that the density wave is a
spiral, as predicted by theory. Using the formalism of Okazaki (1997), Carciofi et al
(2009) developed a model for ζ Tau that is presented in Fig. 14. Panel a shows the
spiral density pattern as seen from above, panel b the projected density on the sky
and panel c a model image of the infrared continuum. Apparent from this plot is the
brighter southern hemisphere of the star, which is little affected by the presence of
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the geometrically thin disk 28. Radiative transfer calculations using this model suc-
cessfully fitted the Hα and Brγ V/R cycle (panel g), in addition to the interferometric
data. This model indicates that, at least in the case of ζ Tau, the oscillation mode can
not be confined to the inner disk, since the large amplitude of the V/R cycle requires
that the oscillations extend all the way to the outer rim of the disk. Despite the general
success, the model of Carciofi et al (2009) has some issues. Both the prediction of a
large polarization modulation across the V/R cycle, which is not observed, and the
wrong V/R phase of the Br15 line indicates that the predicted spiral structure in the
inner part of the disk may be incorrect.
The theory of global oscillations, briefly outlined above, has witnessed impor-
tant theoretical developments and observational verifications in the past few years.
However, much remains to be understood, such as what mechanism excites the oscil-
lations.
6 Be Stars in Interacting Binaries
Most massive stars (M? > 8M) either are binaries (about 75%) or were so at some
point of their evolution (Sana et al 2012). Towards later spectral classes, the ratio
decreases, but at least over the B star range not too steeply. Naturally, binarity is
common in Be stars as well. We recall that we have excluded mass transferring bina-
ries from our definition of classical Be stars in Sect. 1.1.1, on grounds that the disk
is not formed by a process as it is considered in Sect. 4, but rather by mass-transfer
from a secondary, so that their disks are constantly accreting. Indeed, in contrast to
the situation for non (classical) Be stars, very few close systems, i.e., with periods
shorter than about a month, are known, and all these have compact (neutron star)
companions. Considering tidal forces, close companions may typically not allow the
formation of a sufficiently dense disk out of self-ejected material. Even so, about one
third of the Galactic Be stars are binaries (Oudmaijer and Parr 2010), and these com-
panions often do interact with the Be star disks, either tidally (Sect. 6.1), as sources
of high energy particles (Sect. 6.2), or radiatively (Sect. 6.3).
6.1 Tidal Interaction
Tidal interaction, where one companion is a classical Be star, has for some time been
considered as a mechanism to form a disk. However, due to the kinematic require-
ments concerning angular momentum transfer, this can only be the case in a minor-
ity of stars (see Sect. 4.1.3). Tidal interaction does, however, have important conse-
quences for the disk structure.
Observationally, many cases of binarity induced behavior are known or suspected.
The connection is obvious for phase locked variability. For instance, the V/R ratio
may vary with the orbital period, like in pi Aqr (B1 V Bjorkman et al 2002; Pollmann
2012). Such behavior is often veiled when the disk is very massive, or by the typically
28 Carciofi et al (2009) determined an inclination angle of 95◦ for ζ Tau, which means the southern side
of the disk faces the Earth.
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Fig. 17 Tidally disturbed structure of a Be star viscous disk, computed by Okazaki et al (2002). Left panel:
Disk density ρ , normalized to the value at the base of the disk and azimuthal velocity, vφ , in units of the
orbital speed at the stellar equator, vorb. The structure of the isothermal disk was computed for a viscosity
of α = 0.1. The spiral structure is seen as the “wiggling” on top of the density curve. The truncation radius
is where the density slope changes from shallower than−3.5 to steeper than that value. Right panel: Spiral
disk structure induced by the previous periastron passe of the binary (shown at an orbital phase close to
apastron). The orbital paths (a = 12R?,e = 0.34,q = 0.078) relative to the center of gravity at (0,0) are
indicated as solid and dashed lines. The black areas mark the Be star itself and, approximately, the Hill
sphere of the secondary
much stronger density wave type V/R variations (since that usually involves a large
fraction of the disk mass, see Sect. 5.3.2), but can be detected when the disk is not
undergoing such oscillations or is dissipating.
Additionally, satellite absorptions, i.e., small dents sitting on top of the blue
and/or red emission peaks, were observed to be phase locked for 4 Her (B9) and κ Dra
(B6 III Koubsky´ et al 1997; Saad et al 2005, respectively). While such a clear phase
locked occurrence is rare, satellite absorptions, additional emission peaks and/or ab-
sorption, or flat topped emission profiles in general seem to be common for Balmer
emission in binaries (e.g., ζ Tau B2 IV, Sˇtefl et al 2009; ϕ Per B2 V, Poeckert 1981;
59 Cyg B1.5 V, Harmanec et al 2002b; κ Dra, Saad et al 2004), although it is not
clear whether they are unique to binary systems, and a thorough explanation for these
structures is lacking.
Okazaki et al (2002) studied tidal interaction in detail in the context of Be X-ray
binaries, but the results are valid for any type of Be binary system. They found the
truncation radius to be where the tidal torque balances the viscous one. This radius
depends on the system and disk properties, but it is reasonable to suspect it is near an
orbital resonance.
Truncation does not just “cut” the outer parts from an otherwise unaltered disk.
Rather, the truncation radius forms a watershed: Within that radius, the disk will not
settle into a steady-state ρ ∝ r−3.5 density law, but become more dense and with a
more shallow density gradient than would be the case for a single Be star. Outside the
truncation, the radial density dependency becomes steeper than r−3.5. Since the trun-
cation process involves viscosity, the details will depend on the viscosity parameter.
In any case, however, a disk with lower viscosity has a clearer truncation signature
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than a more viscous one; namely stronger deviations from r−3.5 both in- and outside
the truncation radius (see Fig. 17).
For eccentric orbits, the situation is more complicated, because the tidal torque
becomes a function of phase. A viscous disk reacts to this by having a somewhat
smaller truncation radius in periastron, and expanding while the companion is farther
away until the next periastron. Additionally, in the models by Okazaki et al (2002), a
tightly folded spiral structure in the inner disk arises, triggered at periastron. Viscos-
ity and Keplerian shear then act to smooth the spiral, until next periastron, when the
structure is re-invigorated. Thus, the spiral structure becomes phase locked. Eccen-
tricity may as well trigger the “eccentric mode” of the disk, a special case of density
waves discussed in Sect. 5.3.
We note that these theoretical results on truncation are strictly valid only for
aligned orbit and disk. In slightly misaligned cases, the additional phenomenon of
tidally induced disk warping is expected to occur in all but the widest binaries (Mar-
tin et al 2011), and may actually explain the precessing disk of 28 Tau (B8 V, see
Sect. 5.1.4).
In strongly misaligned, or even counter-aligned systems these results do not hold,
because the tidal torque, due to reduced interaction time scales, is much smaller and
truncation or other strong interaction does not occur (Martin et al 2011). The small
tidal interaction signature in the δ Sco (B0.2 IV) system during its recent periastron
might, actually, be caused by a such a counter alignment (Sˇtefl et al 2012b; Che et al
2012).
The relatively well developed theory on Be star binaries has been worked out as
a framework for Be X-ray binaries, and thus special emphasis was put on accretion
onto the companion, not so much on the observables of the disk. Work remains to
be done confronting the theory with the emission line behavior in normal Be star
binaries.
6.2 High Energy Interaction
Of the objects counted under high mass X-ray binaries, the Be X-ray type (BeXRB)
is the most common. An extensive review was given only recently by Reig (2011), so
this section is limited to a basic summary only.
The canonical picture is that of a classical Be star, orbited by a compact object
onto which the material of the disk accretes. Because of the tidal effects, the BeXRB
disks show structural differences vs. single Be star disks, such as a higher density
with a shallower density profile (see Sect. 6.1) or more frequent V/R variability with
shorter periods, but in principle the disks are well explained by the same mechanisms
and principles as acting in single Be stars.
Black holes, as well as white dwarf companions, are among the potential com-
panion objects; however, so far only neutron star (NS) companions have been con-
firmed. Evolutionary studies suggest black hole companions to be rare, consistent
with none of them having been found so far (Podsiadlowski et al 2003), though the
lack of white dwarf systems remains surprising (Pols et al 1991). The above dis-
cussed γ Cas-analogues (Sect. 3.3) might fill that gap, but this is a matter of debate
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and recent results seem not in favor (Smith et al 2012a). The further discussion only
mentions NS, therefore.
In a spin-orbit diagram of XRBs, BeXRBs occupy a distinct position with rela-
tively long orbits & 20 d (see above for the lack of short period Be binaries in gen-
eral). A positive correlation between rotational and orbital period of the companion is
caused by the density law of the Be star disk. The density is a function of disk radius.
The disk density in the vicinity of the NS vs. the magnetic field strength of the NS
governs the size of the magnetosphere. If it is larger than the Keplerian co-rotation
radius, angular momentum is lost from the NS as material is not accreted but accel-
erated away, if it is smaller angular momentum is gained through accretion until the
“equilibrium period” is reached. This way, if the orbit is large, the disk, locally in the
vicinity of the NS, is of low density, hence the magnetosphere larger, and the rotation
brakes to a longer period (e.g., Waters and van Kerkwijk 1989).
As the neutron star accretes material from the Be disk, the name-giving X-rays
emerge. Due to the truncation radius being smaller than the orbit, see above, the NS
does typically not pass through the disk. Eccentric orbits, misaligned disk and orbital
planes, or density inhomogeneities in the disk (Sect. 5.4.3, very common in BeXRBs)
modulate the X-ray production. Exceptions not showing modulation but only persis-
tent X-ray production are usually very wide, low eccentricity systems with a low
X-ray luminosity (Reig and Roche 1999). The transient X-ray behavior of BeXRBs
is classified by this modulation. Two types of outbursts are generally recognized,
following Reig (2011):
Type I outbursts are regular and (quasi-)periodic, short lived (≈ 0.2−0.3Porb) flux
increases by about a factor of ten to hundred (Lx ≤ 1037 erg s−1), peaking at or
close to periastron.
Type II outbursts are major flux increases by a factor of 103–104. They can occur
at any orbital phase and last longer than Type I outbursts, up to several orbital
cycles in extreme cases. An accretion disk may form around the NS during a type
II event.
Both types can occur in a given system. Type II outbursts are violent events which
can even completely disperse the Be star disk.
BeXRBs are particularly well investigated in the Magellanic Clouds (MCs) due
to the low X-ray extinction and the fairly small area of the sky covered (Coe et al
2010; Haberl et al 2012). The total number of BeXRBs in the Large Magellanic
Cloud (LMC) is small compared to the Small Magellanic Cloud (SMC) and Milky
Way (MW) (Sturm et al 2012). An additional population of Be-X ray binaries was
discovered in the Magellanic bridge between the SMC and LMC by McBride et al
(2010), where the gravitational/tidal interaction between those galaxies may have
triggered local star formation episodes. The spectral type distribution is as in the MW,
in particular it does not depend on the metallicity, but angular momentum evolution in
the binary system, i.e., the interaction of the neutron star with the Be star component
(McBride et al 2008). Otherwise, MC BeXRBs properties relate to classical Be stars
in the MCs (see Sect. 7.2.2) as they do in the MW.
Finally, there are a few objects with Be stars as optical counterparts that emit γ-
rays in the MeV to TeV range. Their nature is very uncertain, but radio observations
62 Rivinius, Carciofi, and Martayan
of jets indicate relativistic particles. In at least one case the companion of the Be star
is a non-accreting NS. For a summary of current hypotheses on γ-ray binaries see
Sect. 1.2.3 of Reig (2011) and references therein.
6.3 Radiative Interaction
Finally, Be binaries interact “radiatively”, meaning that the radiation of the secondary
affects the conditions in the primary’s disk. This is most obvious when the secondary
is a hotter star than the primary, and such binaries are known as “Be+sdO” type.
In these, the secondary is a subdwarf B or O star. The subdwarf is the remaining
core of a more massive star after mass transfer has stripped the outer layers. Typical
masses of the secondaries are around 1 M. Their evolutionary history is resembling
Be+neutron star systems. For the current Be stars in such systems this means that
they have been spun up by mass transfer, so the mass transfer history is an important
part of their “Be-story”, even if the currently acting Be-phenomenon might be unre-
lated to it. While Be+NS binaries are fairly easy to detect via their X-ray properties,
Be+sdO systems are far less conspicuous, and even though they are supposed to ex-
ist in abundance, only three systems are known with certainty, in the sense that the
nature of the secondary has been proven by finding its spectral features. These are
ϕ Per (B2 V), 59 Cyg (B1.5 V), and FY CMa (B0.5 IV Thaller et al 1995; Peters et al
2008, 2013), while two more candidates have been proposed, HR 2142 (B2 V) and
o Pup (B1 IV Peters 2001; Peters and Gies 2002; Vanzi et al 2012).
The subdwarf in the ϕ Per system, for instance, has Teff ≈ 53000 K (Gies et al
1998). The hard UV photons irradiate the outer part of the disk along the line-of-
sight between the two components. This heats this region and stimulates fluorescence
emission, such as the Balmer lines. Hence the irradiated region forms an additional
emission component, which will trace the outer rim of the disk facing the secondary
(Hummel and Sˇtefl 2001).
7 Extragalactic Be Stars
Modern instruments and large telescopes have enabled observations of individual
stars, including main sequence stars, in other galaxies. In particular for the Large and
Small Magellanic Clouds (LMC and SMC, respectively) this allowed to build exten-
sive databases of the Be stars in these galaxies, and their photometric and spectro-
scopic behavior. Parallel to such instrumental development, understanding of stellar
physics at low metallicity has advanced on the grounds of theory.
7.1 Be Stars Viewed as Statistical Samples
Since nearby and hence apparently bright Be stars exist in abundance, many in depth
studies of individual objects exist, as shown above. However, the selection of truly
homogeneous and unbiased samples from these nearby objects is not as simple as it
may seem, since these Be stars were discovered by chance over a long time range,
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and not in a coordinated way. Samples drawn from the SMC and LMC Be stars, on
the other hand, do typically not suffer these biases, and are homogeneous in distance,
metallicity, and interstellar/intergalactic reddening. There is, though, a detection bias
against weak and inactive Be stars (see below), which may not be constant vs. spectral
type.
7.1.1 Identifying Extragalactic Be Stars
There are several ways to identify Be stars in bulk. The ones based on single epoch
observations all rely on the detection of flux peculiarities in Hα wrt. the purely photo-
spheric flux. Photometrically, this is done by taking narrow-band images centered on
Hα and on the adjacent continuum, and then analyzing the residuals after subtracting
them from each other (as, e.g., by Reid and Parker 2012).
Spectroscopic identification of Be stars can, for instance, be done using objective-
prism, i.e., slitless spectroscopy of an entire field. Such studies provided very large
catalogs of emission-line stars including PNe, Be stars, pre-main sequence stars in
the SMC, LMC, and Milky Way (MW) (Mathew et al 2008; Martayan et al 2008,
2010a). These lists are then typically refined using higher spectroscopic resolution
observations (Martayan et al 2007a), but also Spitzer photometric observations (Bo-
nanos et al 2009, 2010). However, since the Be phenomenon is transient, single epoch
observations can only identify a fraction of the actual Be stars in a field (McSwain
et al 2008, about half to two thirds). The remaining Be stars are either currently in-
active, possess an only weakly developed disk, or are shell stars, of which only the
strongest cases develop emission clearly detectable by the above techniques.
Another approach to identify Be stars is related to their photometric variability.
Based on data from the microlensing surveys MACHO and OGLE, a large number of
candidate Be stars were identified by their colors and sorted into four types according
to their variability behavior (see, e.g., Fig. 12 and Keller et al 2002; Mennickent
et al 2002). Some of these candidates were observed spectroscopically in the near
infrared, with the result that, while not all of these types correspond to classical Be
stars, the majority probably does (Paul et al 2012). Further candidate catalogs were
obtained by McSwain and Gies (2005); Bonanos et al (2009, 2010); Wisniewski and
Bjorkman (2006); Wisniewski et al (2007a), using optical or infrared photometry
and/or polarimetry.
A problem in the crowded fields of SMC and LMC is the cross-identification of
stars between these studies. E.g. Paul et al (2012) could only match about 3/4 of
their stars between two catalogs. It is to be hoped that with new catalogs from space
missions, online archival data, and the Virtual Observatory tools, it will be possible
to cross-match all those studies, and compile a complete and reliable catalog of Be
stars for the purpose of statistical studies.
7.1.2 Evolutionary Status of Be Stars
The evolutionary status of Be stars, as a sample, can, among other things, be used to
draw conclusions on the cause of rapid rotation, and thus on the internal evolution
of the stars. Many studies found Be stars at all evolutionary states, independently of
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the metallicity environment. However, some of these results might not be taken at
face value: Studies relying on photometry to determine the exact evolutionary status
of Be stars are affected by the intrinsic reddening (Sect. 2.1) due to the circumstellar
disk, and as well the rapid rotation may mimic evolution effects (Fig. 5), which will
differ from star to star. Spectroscopy is needed to measure and correct for the disk
contribution in order to determine the evolutionary status of Be stars.
– For the MW, Zorec et al (2005) investigated the evolutionary status of Be stars,
and obtained the age, measured in units of main sequence life-time, versus the
mass of the respective Be stars. Their result indicates that late type Be stars mainly
appear in the second half of their main sequence lifetime. Intermediate type Be
stars can appear throughout the main sequence phase and keep the Be star status
for the remaining main sequence life. At stark contrast, the early type Be stars
seem only to exist in the first part of the main sequence.
– At the intermediate metallicity of the LMC, the evolutionary states of Be stars
seem to be quite similar to the MW (Martayan et al 2006a).
– In the SMC, results for low- and intermediate mass Be stars are again similar to
the MW. However, high-mass Be and Oe stars are also found in the second half
of the main sequence in the SMC, unlike in the MW (Martayan et al 2007b).
These differences concerning early-type Be stars are possibly related to either the
evolution of W through the main sequence, which is affected by the relative strengths
of stellar winds at different metallicities, more effectively losing angular momentum
at higher metallicities (see below), or a less efficient disk dissipation process than in
the MW (which might as well be metallicity related).
7.1.3 Surface Abundance Evolution of Be Stars
The high rotation rate of B stars in low metallicity environments (see below) should
lead to efficient rotational mixing of the chemical elements in Be stars (Maeder and
Meynet 2001), in particular one would expect to find some nitrogen enrichment and
carbon depletion. However, most of the chemical studies of Be stars (Dunstall et al
2011) do not find such a pattern, and Hunter et al (2009) pointed out in general that
some stars may follow another chemical evolution path. Porter (1999) suggested that
due to photospheric temperature gradients in such fast rotators, elements/ions may
fractionate and become enriched/depleted depending on latitude, which would affect
the abundance determination.
7.2 Metallicity and Be Stars
Among the main questions about extragalactic Be stars is whether the metallicity
(Z) affects the stellar parameters and the stellar evolutionary paths of Be stars, and
whether incidence and properties differ between galaxies. To study these effects, one
has to observe Be stars in environments of various metallicities. MW, LMC, and SMC
are well suited, at respective metallicities of about Z = 0.020, 0.008, and 0.004 (see
Westerlund 1997, and references therein).
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Fig. 18 Rotational velocities of
Be stars computed back to their
ZAMS values for MW (red
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cles) and linear regressions to
the MW and SMC values. Data
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standard deviation of mass sam-
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Martayan (priv. comm., 2013)
7.2.1 Stellar Rotation
Theoretical work predicts that at low metallicity the radiatively driven stellar winds
are less efficient (Puls et al 2008). Indeed, the radiatively driven stellar winds in OB
stars are found to be weaker in the SMC (Bouret et al 2003), and a comparative study
of the MW, LMC, and SMC has found a gradient of mass-loss with metallicity (Mok-
iem et al 2007). Due to the weaker winds the mass-loss is lower, and consequently
less angular momentum is lost, meaning the stars should rotate faster (e.g., Ekstro¨m
et al 2008). This was confirmed observationally: O, B, and Be stars rotate faster in
the SMC than in the LMC, and in the LMC faster than in the MW (Keller 2004;
Hunter et al 2008; Martayan et al 2006a, 2007b). Although precise determination is
subject to problems and biases discussed in Sect. 3.1, Martayan et al (2006a, 2007b)
use metallic lines, which are less affected by these issues, and find W of about 65%
and higher in the LMC and 75–100% in the SMC, while in the MW a lower threshold
is found at about 60% (see Sect. 3.1).
Martayan et al (2007b) then determined zero age main sequence (ZAMS) rota-
tional velocity distributions for Be stars in MW, LMC, and SMC (see Fig. 18). The
explanation of the observed gradient with the metallicity was suggested to be an
opacity effect: lower metallicity implies smaller stellar radii. Therefore, for the same
angular momentum, stars with smaller radii rotate faster. Martayan et al (op. cit.) in-
dicated that over the stellar mass range of ∼ 4 to ∼ 15 M, the slope of the linear
rotational velocity versus the stellar mass is about similar in the SMC and MW, but
there was not enough data to obtain such a slope for the LMC.
7.2.2 Incidence
As a consequence of the higher rotation rate, one may expect more Be stars in the
SMC/LMC than in the MW. Maeder et al (1999) indeed found that the mean fraction
of Be stars in open clusters is increasing with lower metallicity, although the scatter
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between individual clusters is very large. While the samples for this initial study
were quite small, later studies with larger samples confirmed the result (Wisniewski
and Bjorkman 2006; Martayan et al 2006b, 2007a). In cluster studies, between 26 and
40±4% of all B stars were found to be Be stars in the SMC (Martayan et al 2007a),
and between 20 and 17.5±2.5% in the LMC (Martayan et al 2006b). As can be seen
from the results reported in Sect. 7.1.2, it is most important to compare clusters of
similar age. For MW field stars the incidence is about 17% across the entire B range,
and 34±1% for B1 stars (Zorec and Briot 1997).
In particular the results for the SMC might be due to rotation closer to the critical
one (Martayan et al 2007b): W = 0.75, while for LMC and MW W = 0.6 and 0.55,
respectively. Theoretically, already Maeder and Meynet (2000) linked the occurrence
of Be stars in low Z environments with the higher stellar rotational velocities for
B-type stars.
Regarding the spectral-type distribution of Be stars at low metallicity with respect
to the MW, the distributions found by Martayan et al (2006a, 2007b) are similar to
those in the MW, indicating that the spectral-type distribution of Be stars vs. B stars
does not directly depend on metallicity. It is, however, related to the W evolution,
the disk properties, and initial mass function evolution (Zorec and Fre´mat 2005). In
a later study, Martayan et al (2010a) found that among early-type stars (B0–B3) the
frequency of Be stars is 3 to 5 times higher in the SMC than in the MW as reported
by McSwain and Gies (2005) or Mathew et al (2008). The high ZAMS W found at
low Z (Martayan et al 2007b, 2010a), especially in the SMC, indicates that some Be
stars may be born as Be stars, and due to the low metallicity can keep this status all
along their main sequence life.
7.2.3 Effect of Metallicity on the Disk
The metallicity may also have repercussions on the disk itself, by affecting the for-
mation mechanism and/or its efficiency, as well as by altering the cooling function of
the disk plasma.
For early Be stars with strong Hα emission, Martayan et al (2007a) showed that
the equivalent width (EW) tend to be more negative in the SMC than in the LMC and
MW. For a limit of EW <−20 A˚ the fractions are 74%, 62%, and 50%, respectively.
As well the shape of the distribution is different in the SMC (see Fig. 2 of Martayan
et al, op. cit.), peaking around −35 A˚ while in LMC and MW values of EW closest
to zero are most frequent.
In the same work it is found that SMC Be stars have lower Hα full width at half
maximum (FWHM), at more negative EW, than their LMC and MW counterparts.
This might indicate that, in the framework of Keplerian rotating disk and using the
relationship between the radius and the equivalent width (e.g., Grundstrom and Gies
2006), the typical disk radius is larger in the SMC than it is in the LMC and MW.
On the other hand, Wisniewski et al (2007a) report that forming large disk systems
is either more difficult at low Z or that the average disk temperature should be higher
in these low Z environments. Hotter disks at SMC metallicity are also supported
by model calculations (Ahmed and Sigut 2012), when assuming the same density
Classical Be Stars 67
Table 3 Incidence and W of photometrically identified pulsating B and Be stars in MW, LMC, and SMC.
Data from Table 1 of Diago et al (2009b), the uncertainties of the incidence are about ±3% for the B
pulsators and ±5% for Be pulsators, for W it is about ±5% in all cases (Martayan, priv. comm., 2013)
MW LMC SMC
B star pulsators
incidence 16% 7% 5%
W 0.23 0.21 0.34
Be star pulsators
incidence 74% 15% 25%
W 0.63 0.59 0.75
structure as in MW disks. However, if the disks are hotter, this would result in lower
Hα equivalent widths for SMC Be stars.
7.2.4 Effect of Metallicity and Rotation on the Stellar Pulsations
Pulsations in Be stars are commonly thought to be opacity driven, see Sect. 3.2. At
low Z, it would obviously be more difficult to drive pulsations this way. Indeed the
pulsational instability strips for B stars is shifted towards hotter regions (Martayan
et al 2007a; Diago et al 2008, see Table 3). Note, however, that these results as well
indicate that the SMC hosts a higher fraction of Be pulsators than the LMC.
The light curve analysis summarized in Table 3 as well points out that Be stars in
general are more likely to pulsate than B stars, regardless of the metallicity environ-
ment. It is possible that the fast rotation either favors the pulsating mechanisms, or
increases the amplitude (Diago et al 2009b), which might as well explain the higher
fraction of pulsating Be stars in the SMC than in the LMC. More recent studies on
Galactic Be stars confirm that the rotation may amplify the amplitude of pulsations
(Neiner et al 2012a). However, it is worth to note that up to now no classical Be pul-
sators have been observed spectroscopically in the Magellanic Clouds, although they
were searched for (Baade et al 2002).
7.3 Be Stars, Gamma-Ray Bursts, and the First Stars
7.3.1 Post Main Sequence Evolution and Gamma-Ray Bursts
As a Be star evolves beyond the main sequence, the drop in surface rotation due
to the expansion will stop the Be mechanism, and the circumstellar disk dissipates.
However, the fact that the star has been a Be star previously may affect the post
main sequence evolution, at least because the fast rotation has altered the stellar and
chemical evolution. According to Yoon et al (2006) and Georgy et al (2009) the most
massive Be- and Oe stars could become S Dor variables, especially at low metallicity.
They could also follow the quasi homogeneous chemical evolution and be pro-
genitors of certain supernovae or gamma ray burst (GRB) explosions (Yoon et al
2006; Martayan et al 2010b). Woosley (1993) suggested that long GRBs could result
from rapidly rotating stellar evolution at low Z. Another proposed channel to produce
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long GRBs is via binary evolution (Cantiello et al 2007), and Tutukov and Fedorova
(2007) predict GRB explosion in specific Be binary systems. Using the models of
Yoon et al (2006) for SMC stars, Martayan et al (2010b) argue from B0/1e and Oe
stars populations that the number of long GRBs at low redshift in dwarf galaxies and
low Z would be between 2 and 14 LGRBs in 11 years, while 8 LGRBs were actually
observed in this time frame.
7.3.2 Be Stars and the First Stars
At very low metallicity Be stars may evolve very differently, since the maximally
possible rotational velocities increase and can reach more than 800 kms−1 at very
low metallicity (Chiappini et al 2006, see also above for the interplay of metallicity,
opacity, and stellar radius). At such a rotation, the Be phenomenon might reach much
farther across the spectral types: earlier O types, later A and possibly F types (Meynet
and Maeder 2002; Ekstro¨m et al 2008; Georgy et al 2009). As a consequence, one
might expect a higher fraction of Be stars in galaxies of very low metallicity. The
only study of a very low metallicity galaxy (IC 1613) looking at such stars so far
identified six main sequence B type stars, and all of them were found to be Be stars
(Bresolin et al 2007).
8 Summary and Conclusion
While the definition of Be stars by Collins (1987) is still the most useful one for
taxonomical purposes, strict adherence will include not only classical Be stars, as
discussed in this review, but as well other types of objects (see Sect. 1.1.1), which
can only be distinguished with further in-depth analysis. The remaining classical Be
stars, then, are found to have properties as listed below. Since such an additional
analysis is hardly feasible for large samples, contamination biases will have to be
worked out.
In the last few decades, Be stars have firmly been shown to be rapidly rotating
objects, surrounded by gaseous decretion disks governed by viscous processes. Ob-
servationally, interferometry and space based precision photometry are at the heart
of the most important results. Theoretically, better understanding of the physics of
rapidly rotating stars and the realization of the disk as being governed by viscous
processes hold that position.
Rotation: Concerning the rotation, after some doubt has been cast on previous re-
sults, a new consensus seems to emerge: Be stars rotate at and above W & 0.75.
A mean value for the entire class is hard to derive due to gravity darkening being
a problem for determining vsin i. The often quoted value of W ≈ 0.75 is likely a
lower limit only for the mean rotation of Be stars as a group. For an upper limit,
at least if the rotation is to be explained by single star evolution, W > 0.95 is
probably excluded by the high incidence of Be stars. At least for late type Be
stars the fraction of Be stars increases towards the end of the main sequence as a
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consequence of rotational evolution, spinning the star up by core contraction. Fu-
ture results are expected from better asteroseismic modeling, and from improving
interferometric constraints on the disk inclination angles.
Pulsation: The periodic variability of early type Be stars has been well known since
more than 30 years. While initially both rotation and pulsation were proposed as
underlying mechanism, first spectroscopy, then space-based photometry provided
increasing evidence for pulsation, in most cases in grouped multiperiodicity. The
great accuracy of dedicated space missions make it possible to identify pulsa-
tional variability for all observed Be stars, including late type ones, though only
at millimagnitude level and below. At present, it seems that detecting pulsation
in Be stars is only limited by the detection threshold, not by the physical absence
of pulsation. That said, a pulsating star may exhibit rotational modulation in ad-
dition, which has been suggested for several Be stars. The observational grounds
have been laid by asteroseismic studies, and theoretical works are now building
on these, investigating mode types and angular momentum transport.
Magnetic fields: There is no firm observational evidence for large-scale, i.e., dipo-
lar magnetic fields at any strength, and such fields stronger than about a 〈Bz〉 of
100 G are excluded. Small scale magnetic fields, such a localized loops, remain a
possibility and have some indirect observational support, although a direct con-
firmation is lacking. With high resolution spectropolarimetry, this question is ex-
pected to find an answer, thanks to the Doppler effect elevating the detectability
of such fields.
Disk formation: In order to be closer to the physical core of the problem of forming
a disk and as well not to limit the statistics by the validity of the Roche approxi-
mation for critical rotation, we propose to abandon the notations ofϒ = vrot/vcrit
and ω = Ωrot/Ωcrit for the purpose of studying Be star rotation and instead use
W = vrot/vorb. Even at W = 0.9, an ejection velocity of about 50 kms−1 is still
required to form a circumstellar Keplerian disk (for a typical B star of luminosity
class V). Although the mechanisms, at least in principle, seem well constrained as
either pulsation-driven or involving small-scale magnetic fields, no detailed mod-
eling has yet produced a disk, unless highly optimistic assumptions are made. In
some objects pulsation certainly plays a role, in others no such connection could
be made. It is quite unlikely that a single mechanism is responsible for all Be
stars, since with increasing W more and more processes with sufficient strength to
overcome the remaining threshold become available. As seen in Sect. 3.1, above
a certain rotational threshold, independent of Teff, a B star can become a Be star,
and above a somewhat higher threshold, decreasing as Teff increases, it must. Re-
producing this “efficiency gradient” would certainly be an important constraint
for the disk forming processes. The main processes leading to the disk formation
might be uncovered soon, quite possibly by a better understanding of the two
points above. The details of the injection remains to be understood on theoreti-
cal grounds. The tools, such as smooth particle hydrodynamics and Monte Carlo
modeling, have become very powerful and will probably soon deliver results not
only for slowly evolving/steady-state cases, but as well for high temporal resolu-
tion.
70 Rivinius, Carciofi, and Martayan
Disk: Once the disk has formed and it well settled, after, e.g., an outburst replenish-
ing the disk material, it is now generally accepted that the disks are in Keplerian
rotation, geometrically thin and in vertical hydrostatic equilibrium. The further
evolution of a disk is then governed by mainly viscous processes. As long as ma-
terial with Keplerian properties is added at the inner part of the disk, material and
angular momentum will be transported outwards. In a steadily fed disk, material
transported outwards will eventually cross a critical radius and leave the system.
Observations show that, in addition, some ablative mechanism is active, enhanc-
ing the wind in latitudes above the disk. As soon as the mass injection fades, the
disk will gradually turn into an accretion mode, with matter falling back to the
star.
The viscous decretion disk model has successfully been used to explain V/R vari-
ability in Be stars, interferometric observations, the observed photometric vari-
ations in disk build-up and decay, and the tidal interaction and truncation in Be
binaries. Apart form future interferometry, long-term photometric databases, such
as OGLE or MACHO, hold a great potential to be harvested, and spectroscopic
databases, such as BeSS, are catching up.
Be stars in low metallicity environments: Of all Galactic field B stars, about 17% are
Be stars, with earlier types more likely to be be stars than later types. The fraction
is higher for low metallicity environments, and may even reach 100% for very
low metallicities. The most immediate reason for this is probably that the rotation,
in terms of W , increases with decreasing metallicity. Be stars and their massive
extension, the Oe stars, may prove to be progenitors of late stages of massive star
evolution connected to rapid rotation, such as S Dor variables, or even the long
GRBs. A full extension of Be star research to extragalactic environments will
only be reached with future facilities, such as extremely large telescopes.
The question now is what the future research on Be stars will reveal. Having finally
identified, and as well increasingly quantified, most of the basic ingredients that make
Be stars tick is not the end of story; rather, it is a beginning.
Future and recently built facilities, in the optical as well as in other wavelength
regimes, and both ground- (such as VLT/VLTI, GEMINIs, ALMA, the E-ELT) and
space-based (JWST, HERSCHEL, GAIA, PLATO), will provide the perfect tools to
perform combined multi-technique and multi-wavelength studies on Be stars to assess
the remaining questions. These not only include the questions on physics and nature,
but as well the parallaxes and stellar dynamics of Be stars in the Milky Way. These
facilities will also enable observing stars in galaxies farther than the local group, to
compare the physical processes acting in such extreme stars in various environments.
Be stars, precisely because of their relative ease of observation and meanwhile
fairly well understood nature, should be counted among the best suited laboratories
to investigate some of the most important problems in contemporary astrophysics.
Among these are, for instance, the effects of rapid rotation on stellar evolution, in the
upper Hertzsprung-Russell Diagram as well as at different metallicities, the interior
structure of rapidly rotating stars, and the properties and consequences of turbulence
in Keplerian disks, which are ubiquitous from planet formation around nearby young
stellar objects to quasars at high redshift.
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